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PART 1, VOL. 59. 


THE NEWER KNOWLEDGE OF VIRUS DISEASES OF THE 
NERVOUS SYSTEM: A REVIEW AND AN 
INTERPRETATION. 
BY E. WESTON HURST. 


(From the Bacteriological Department, Lister Institute of Preventive Medicine, London.) 


RECENT years have seen a considerable extension of our know- 
ledge in the field of neurotropic viruses. The advance might have 
been greater but for the fact that much of the work done has been 
one-sided, usually by workers with little special knowledge of the 
nervous system [24], less often by neuro-histologists who have dealt 
with the end results of virus activity in the nervous system and have 
neglected entirely the experimental investigations which alone could 
answer many of the questions they have asked concerning pathogenesis. 
A review taking into account both the viruses and the terrain on which 
they manifest their activity will be of service in showing not only what 
has been accomplished in this sphere, but also the numerous gaps to be 
filled before we can begin to do more than guess at the fundamental 
processes involved. 

DEFINITIONS. 

At the outset it is essential thafan exact meaning should be attached 
to certain terms qualifying the viruses under discussion. There is 
to-day much evidence to support, and but little to contradict, the belief 
that viruses are obligatory intracellular parasites [23]; also it cannot 
be doubted that among themselves viruses differ greatly in their cellular 
affinities. We may, therefore, reasonably hope that more complete 
knowledge will lead to a classification, based on the precise cellular 
tropisms of its members, of a group of contagia at present recognized 
only by the expression of their pathogenic tendencies. 

Any but the most superficial analysis shows that many of the 
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peculiarities of behaviour which might be taken as criteria of neuro- 
tropism in a particular virus are not exhibited by all viruses which may 
fairly be designated neurotropic. This difficulty in establishing criteria 
does not, however, justify the indiscriminate use of the adjective, with 
which, apparently, many writers qualify any virus capable of evoking an 
intradural lesion, whether that lesion affects primarily the nervous 
elements or not. Such confusion of thought is implicit in the nomen- 
clature even of so distinguished a contributor as Levaditi. For example, 
this author uses the term “* ectodermoses neurotropes’”’ [16, 17, &c.| to 
cover a group of diseases including rabies, poliomyelitis, herpes and 
vaccinia. Apart from some recent unconfirmed observations [171], it 
has never been shown that the first two viruses have any affinity for the 
surface ectoderm ; the herpes virus attacks and produces specific lesions 
in cells derived from all three embryonic layers; while, as Levaditi 
himself showed, cerebral vaccinia is primarily a process in the mesoderm 
of the nervous system, and elsewhere in the body this virus evokes 
mesodermal lesions. Levaditi’s more recent ‘‘ mesodermose neurotrope 
[98] in relation to the virus of lymphogranuloma inguinale has even 
less precise significance; on the one hand the virus is not neurotropic 
in the commonly accepted sense of invading the central nervous system 
from a focus of peripheral inoculation, on the other it manifests no 
special affinity for the mesoderm of the brain as opposed to the mesoderm 
of the body generally. It is but one step further to class the tubercle 
bacillus as a neurotropic organism because on occasion it is the cause 
of tuberculous meningitis. The present writer can find only one charac- 
teristic common to all viruses which can legitimately be termed neuro- 
tropic—namely, that they all attack, primarily and directly, the nerve 
cell. 

In this paper, then, “ neurotropic virus ” will be held to signify a 
virus capable of primary and direct attack on the specific nervous 
elements—nerve cells, and, in many cases, glial cells. Some such viruses 
have no apparent affinity for other cells and tissues; these are the “stricter 
neurotropes.’’ Many viruses, however, while demonstrably neurotropic 
also possess obvious affinities for non-nervous tissues; these will be 
designated “ pantropic ” [139]. Finally, in the case of viruses exhibiting 
no apparent tendency to invade the central nervous system from a focus of 
peripheral infection, and which, when inoculated directly into the brain, 
create lesions by virtue of a primary action on the mesoderm, the 
perhaps less satisfactory term “ viscerotropic ”’ will be employed. When 
using these terms it is necessary in some cases to state clearly the 
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animal species on which observations have been carried out, since a virus 
may behave quite differently in different hosts. Thus the virus of herpes 
febrilis produces in man a superficial vesicular lesion, while in the rabbit 
many strains invade the nervous system to set up encephalitis [61 | 
The pseudorabies virus again is pantropic in the rabbit [139], but 
apparently strictly neurotropic in the rhesus monkey [140]. 


HIstToLoGicaAL FEATURES OF VIRUS DISEASES. 


Lesions in the Nervous System due to Neurotropic Viruses. 


In all probability viruses are obligatory intracellular parasites [23 | 
If, therefore, the adjective neurotropic as applied to certain viruses has 
any significance, we should logically expect such viruses to be capable of a 
primary and direct attack on the nerve cells. Such is in fact the case 
Yet the older literature on so typical a neurotropic virus disease as polio- 
myelitis ascribed the lesions in nerve cells wholly or in large part to 
impaired nutrition, resulting from interstitial inflammation, &c. ; almost 
alone among the older authors Rissler [130] recognized the true sequence 
of events, recently emphasized by many [101, 103, 104, 113, 114, 
121, 122, 128, 133]. 


The truth of this matter cannot be ascertained by studying human post- 
mortem material in which tissue and vascular reaction have had time to appeal 
and dominate the histological picture : only examination in the earliest phases 
of the disease, as is possible in the experimental animal, can determine the 
structures first affected and the relative importance of the various changes 
seen'later. A further point needing mention is that of technique. The German 
influence in neuropathology has rightly made the Nissl method the standard 
staining process for the nervous system. But in the study of lesions caused 
by viruses the technique suffers from serious defects. It is incapable of 
revealing clearly the cytological alterations most characteristic of such infec- 
tions, and the preliminary fixation required by the method is not well adapted 
to their demonstration. Again, in the last stages of nervous degeneration the 
necrotic neurons are displayed far more effectively by other means. In fact, 
the use of some such fixative as Zenker with acetic acid, or sublimate-formol 
and staining with phloxin- or eosin-methylene' blue, Giemsa or even 
hematoxylin and eosin, are far more useful for proper evaluation of the 
histological picture of virus diseases of the nervous system than is the Nissl 
method. 


The microscopical appearances of nerve cells affected by a virus vary 
with the acuteness or otherwise of the disease process. In hyperacute 
and acute conditions, and hence commonly in experimental infections 
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with viruses of exalted virulence, though also not infrequently in some 
naturally occurring infections, the type lesion is acute necrosis of the 
neurons. The cytoplasm is shrunken and strongly eosinophilic, the 
nucleus pyknotic, karyorrhectic, fading or absent; in the brief pre-necrotic 
phase various types of neuronal change described by Nissl may be seen, 
but especially the so-called ischemic cell-change and the “ severe cell- 
change.”” The more virulent strains of poliomyelitis virus acting on the 
monkey’s cord destroy many of the cells of the anterior horns in this 
abrupt manner, and if the animal is sacrificed at just the right moment 
the histological picture may be almost uncomplicated by the rapidly 
following cellular exudation [114]. Similar necrosis may be met in one 
situation or another in experimental rabies [148, 163, 169], louping-ill 
(79, 80, 85], herpetic encephalitis [59, 69], equine encephalomyelitis 
[55], yellow fever [217, 218], pseudorabies [138], virus III infection 
[212], &c., either from catastrophic destruction within but a few hours, 
or from rather less acute degeneration often accompanied in the earlier 
stages by the formation of specific inclusions. In extremely acute 
infections, e.g. pseudorabies in the rabbit [138], the animal may die 
before further developments have time to occur, and the picture is then 
unequivocally that of primary and direct attack on the nerve cells. 
Usually, however, the animal survives longer, and then, as in all lesions 
accompanied by necrosis of tissue, polymorphonuclear leucocytes migrate 
swiftly into the damaged areas to attack and lyse the dead cells. These 
leucocytes, which may even penetrate the vacuoles of an incompletely 
necrotic neuron, themselves soon manifest karyorrhexis and other 
degenerative phenomena, and if death is still further delayed they are 
engulfed together with persisting remnants of the ganglion cells by 
microglial phagocytes; oxydase granules may persist in the nervous 
tissues longer than do recognizable leucocytes [114]. Many descriptions 
of these later changes have been contributed to the literature by writers 
who have failed to detect or correctly evaluate the essential primary 
pathological process in the neurons. 

Side by side with this extremely acute destruction, slower forms of 
degeneration of nerve cells may obtain; in many diseases, e.g. polio- 
myelitis and rabies in man, they are the principal or only feature. It 
is in neurons so affected that, in the diseases in which they occur, 
cellular inclusions are most fruitfully sought. These inclusions may be 
sufticiently distinctive to be of diagnostic value, but their present interest 
lies in the support they afford to the theory of intracellular parasitism 
of the virus. Nerve cells succumbing to the slower forms of degenera- 
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tion are phagocyted by the microglia without leucocytic intervention, 
though cells of the lymphocytic series may make their appearance in 
the tissues. Diffuse and focal microglial proliferation thus comes to be 
a prominent finding in many virus diseases ; the Babes nodules [149], 
supposed to be characteristic of rabies, and Wickman’s polyblasts in 
poliomyelitis [135] are of this origin. Generally speaking, tissue infil- 
tration is more marked in the less acute conditions—in this respect 
human may be contrasted with monkey poliomyelitis. In slowly pro- 
gressive maladies (e.g. Borna disease) it is more difficult to demonstrate 
the primary attack on the nerve cells except in so far as these exhibit 
specific cytological alterations, presumably because the sensitive meso- 
derm reacts to the earliest changes in the nerve cells while there is still 
little alteration of the normal microscopical picture. 

Finally, in every virus disease a proportion, often considerable, of 
ganglion cells remains apparently unaffected. It is rather exceptional 
to find inclusions in otherwise normal cells, though this does occur in 
the cornu Ammonis in rabies [186], and in Borna disease [41]. Nicolau, 
Nicolau and Galloway’s contention that the presence of the inclusion 
represents the successful termination of the struggle between virus 
and cell is certainly not of general application, for in pseudorabies | 138], 
infection with B. virus [37], yellow fever [221], &c., the earliest 
change in still normal cells which will Jater undergo necrosis is the 
development of acidophilic nuclear inclusions; and this process is not 
to be sharply separated, as Nicolau, Kopciowska and Mathis maintain 
[221], from the ultimate necrosis of the cell. 

In some infections (e.g. pseudorabies, herpes, and infections with 
B. virus and virus III) the true glia demonstrably shares in the degen- 
eration, and shows inclusions similar to those in the nerve cells; in 
other diseases, e.g. poliomyelitis and rabies, changes in the glia may well 
be wholly secondary and reactive. Where over considerable areas the 
glia accompanies the neurons to complete destruction, subsequent 
softening and porencephaly may result [18, 60, 140] ; with less severe 
damage a glial-mesodermal scar is the outcome [74, 140], while still 
less profound injury leads to a pure glial sclerosis [117, 134, 135]. In 
subacute conditions, such as Borna disease, quite definite activity on 
the part of the glia may be evident at death. 

While, therefore, degeneration in nerve cells and perhaps in glial 
cells is clearly primary, and at an early stage and in some localities of 
the nervous system may occur in the absence of any trace of inflammation 
in the mesodermal structures, this latter phenomenon is an integral part 
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f the later histological picture of most diseases due to neurotropic viruses. 
Perivascular cuffing often tends to be more marked around the third 
ind fourth ventricles and the iter of Sylvius than elsewhere, even though 
maximal involvement of nerve cells is encountered in other regions. 
There is, however, considerable individual variation in the site of maximal 
reaction, as, for instance, the literature on rabies [| 152, 166, 168, 172, 
175, 176, 181, 182, 184, 185, 187, 190} exemplifies. Like tissue infiltra- 
tion, perivascular and meningeal exudations are more intense in subacute 
than in acute infections, but it is seldom doubtful how far they represent 
1 secondary reaction to damage to the ectodermal tissues, and how far 
. direct and coincident action of the virus on the mesoderm. Thus, 
»bservation at successive stages of the various infections renders it 
certain that in many instances meningeal infiltration represents merely 
in overflow of inflammatory cells from the overcharged perivascular 
spaces of the nervous substance [105, 114], though belief in a primary 
meningitis in poliomyelitis delayed for many years a true conception 
of the disease. On the other hand, in some diseases meningitis is 
‘ertainly due to direct action of the virus; thus in pseudorabies in the 
rabbit | 138), B. virus disease [37] and virus III infection [212] the 
presence of nuclear inclusions in, or even acute necrosis of, meningeal 
und vascular elements proclaims the specific nature of the lesion. In 
the latter event polymorphonuclear leucocytes abound in the cellular 
exudate, though ordinarily, even with many leucocytes in the tissues, 
mononuclears predominate, and in subacute conditions are the only cells 
present. After the first few days the mesodermal reaction is the striking 
histological feature, and it may still be conspicuous months after the 
nitial injury [60, 134, 140 

Perivascular hemorrhages are frequently described as part of the 
histological picture of acute poliomyelitis, &c., and there can be no doubt 
that they are sometimes present. but caution is necessary in inter- 
preting this finding. Small hemorrhages are readily produced by rough 
handling during removal of a normal nervous system, and with greatly 
congested vessels in an acutely inflamed organ it is probably impossible 
to guarantee their absence. Boemke |5| has recently adopted this 
ittitude in relation to the lesions described as characteristic of electrical 
shock. It is surely significant that scarcely ever, if indeed ever, are 
signs of reaction to the effused blood detectable | 114]; in view of the 
work of Carmichael [6] and others such hemorrhages can have preceded 
death by at most only a snort time. 

So far there is no sure evidence that any of the primarily demyelin- 
ating diseases are due directly to the action of a filtrable virus. 
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Lesions in other Viscera due to the Foregoing Viruses. 

According to their action on organs other than the nervous system, 
the neurotropic viruses fall into three groups. Except when they are 
of the nature of a general response to infection, the lesions evoked in 
the general viscera by members of the first group (stricter neurotropic 
viruses, such as the viruses of rabies, Borna disease, &c.) occur primarily 
in connection with the nervous apparatus of the organ. Thus the 
infectivity of the buccal secretions in rabies has been associated with the 
presence of Negri bodies in nerve cells immediately underlying the 
mucosa, coupled with minute abrasions of the epithelium [173]. In 
Borna disease characteristic nuclear inclusions are found in the visceral 
nerve cells in many situations [22]. As examples of the second group 
the pseudorabies, B., and herpes viruses and virus III may be cited. 
These are pantropic, and, in addition to producing lesions in nervous 
tissue, they can under suitable conditions excite specific lesions, usually 
focal necroses, in many tissues and organs by direct parasitism of their 
constituent cells and independently of their nervous mechanism [37, 38, 
64, 66, 75, 138, 139, 211, 2131]. It is with viruses of this second group 
that specific lesions, such as inclusions and necrosis, are often found in 
the mesodermal tissues of the pia-arachnoid, &c. With a third group, 
including equine encephalomyelitis, neurotropic yellow fever and louping- 
ill viruses, the lesions in the nervous system are very like those caused 
by members of the first group, and encephalitis is the dominant clinical 
feature of the infection ; these viruses do, however, grow in and exercise 
their pathogenic action on extraneural tissues, particularly on vascular 
and epithelial structures, and in this sense are pantropic [56]. As will 
be seen later, experimental study throws more light on their peculiarities 


than does histological investigation. 


Other Viruses Capable of Evoking Intracranial Lesions. 


The foregoing sketch outlines in very general terms the sequence 
of events in the nervous system infected with the more fully studied 
neurotropic viruses. Except for virus III, the organisms mentioned 
are those which under natural circumstances or after inoculation into 
non-nervous tissue may excite encephalomyelitis ; experimental investi- 
gation usually reveals their ability to invade and parasitize the central 
nervous system from a focus of peripheral inoculation. The present-day 
tendency to inject each and every virus intracerebrally has brought to 


light the capacity of several, which under natural conditions are the 
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causative agents of diseases in which encephalitis constitutes no part 
of the clinical or pathological picture, for evoking severe and often fatal 
inflammation when introduced directly into the brain. The resultant 
lesions differ fundamentally, however, from those described above, and 
in the writer’s opinion it is not justifiable to classify the organisms 
responsible, as do some workers, with the neurotropic viruses. 

Vaccinia is an example of this kind. During or after the systemic 
reaction to vaccination, especially with “ generalizing ”’ strains, virus 
may sometimes be detected in the cerebrospinal fluid [202] or nervous 
tissue [204, 206] ; it may persist here in the absence of lesions for as 
long as forty-one days [201]. Its localization in the brain is facilitated 
by trauma [204]. Injected extracranially, even into anerve [201], the 
virus probably never causes a primary encephalitis, though sometimes 
the lesion mentioned below may accompany very severe generalized 
vaccinia {204 and personal observation]. Neurovaccine does not differ 
materially from testicular or dermal vaccine in its affinity for the brain 
[209]. Following direct intracerebral or intracisternal inoculation the 
pathological changes are primarily meningeal, and alterations in the 
underlying cortex are similar to those accompanying any severe 
meningitis {203, 205, 207, 208]. 

The descriptions of the lesions evoked by intracerebral inoculation of 
the salivary gland virus of guinea-pigs leave little doubt that here again 
there is a primarily mesodermal reaction (194-195-5). Andrewes [193], 
it is true, found minor lesions in the nerve cells of the lumbar cord, while 
in a single guinea-pig he observed intranuclear inclusions in a few nerve 
cells of the brain; later in his paper, however, he suggests that in this 
disease the inclusions in the meninges, and presumably those in the 
brain, may in all probability be regarded as denoting not multiplication 
of virus, but mereiy reaction to its presence, and hence have a signifi- 
cance different from that of the inclusions produced by virus III. 

Thirdly, most writers agree that after direct intracerebral injection 
of the virus of lymphogranuloma inguinale an almost pure mesodermal 
lesion develops | 94-96, 98| ; the demyelinating condition described by 
Jonesco-Mihaiesti et a/. [97] probably resulted from spontaneous disease 
in the experimental animals [93,99]. Inoculated by other routes the 
virus appears to have no affinity for the undamaged [95_ or even the 
damaged [98] nervous system. 

In brief, none of these viruses shows particular affinity for nervous 
tissue ; after intracerebral inoculation they merely excite lesions in the 
mesodermal structures covering and penetrating the brain, as they do 
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under other circumstances in mesodermal and other tissues elsewhere in 
the body. To classify them as neurotropic is to rob the adjective of any 
precise meaning, and they are here referred to as viscerotropic viruses. 


The Nervous Lesions Due to Some Viruses Less Fully Studied. 


In the case of certain other viruses affecting the nervous system our 
knowledge is still too incomplete to permit of categorical statement, 
which must be based on adequate experimental as well as histological 


study. 


In dog distemper the nervous system is frequently if not invariably 
involved together with the general viscera. Not only do the older accounts of 
the histological findings stress the later reactive phenomena, but in the past 
infections not due to the virus have been mistaken for distemper. Dunkin and 
Laidlaw’s account of the lesions in the ferret and dog [46] suggest a direct 
attack by the virus on the nerve cells, as do some of Cerletti’s findings [45]. 
Inclusion bodies of several types have been described in the neurons [44, 
17,48, 50, 169, 192]. The relation of the demyelinating lesion of Perdrau and 
Pugh [49], or the mixed lesion of Marinesco et al. [48] to distemper awaits 
elucidation. 

In the rather similar, though etiologically distinct, epizootic fox encephalitis 
51-53], an apparently direct attack on the ectodermal tissues of the nervous 
system is overshadowed by vascular lesions in the brain and elsewhere. 
The presence under certain circumstances of intranuclear inclusions in 
ependymal cells betokens a degree of ectodermal parasitism of the virus, though 
the chief feature of the disease is the widespread affliction of vascular endo- 
thelium and cells of the reticulo-endothelial system. Ina personal communi- 
cation Dr. R. G. Green informs me that the demyelinating lesion described by 
Levaditi et al. [54], is certainly not typical of the disease, occurring in his 
experienee in only a single animal ; it may possibly bear a similar relation to 
fox encephalitis as does the Perdrau and Pugh lesion to dog distemper, or 
alternatively may represent another disease entity. 

The virus responsible for the St. Louis outbreak of encephalitis [196-200] 
apparently behaves as a typical neurotropic virus causing necrosis of the nerve 
cells and other lesions already considered. On the other hand, the virus of 
lymphocytic choriomeningitis [88-92] appears unusual in that it is the first 
known virus commonly giving rise under conditions of natural infection to a 
purely mesodermal lesion in the nervous system. 

In the absence of precise knowledge of its experimental behaviour, the exact 
position of the hog-cholera virus also is hard to define. The nervous lesions 
of this malady [77, 78] differ from those typical of neurotropic virus diseases in 
being more or less evenly scattered over grey and white matter, and in a very 
considerable vascular involvement equally or more marked in organs other than 
the brain. It is tempting to regard this process as a systemic one affecting 
the nervous system largely by virtue of its nutritive apparatus. 
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Conclusions. 

On histological grounds we may therefore consider the better-known 
viruses attacking the nervous system as belonging to two classes, 
according to whether they strike primarily at the specific neural elements, 
or exercise their pathogenic action mainly on the mesoderm. ‘The 
former can be subdivided by their capacity or incapacity for parasitizing 
non-nervous elements within the nervous axis or elsewhere. If these 
distinctions are significant, we might anticipate that they would lead to 
differences in the mode of spread of members of the respective groups, 
and it is here that the available experimental evidence, fragmentary 


though it may seem a few years hence, is of value. 


EXXPERIMENTAL DATA ON THE ROUTES OF INFECTION OF THE 
NERVOUS SYSTEM. 


Spread by the Nerves. 

Peripheral nerves of any size consist of medullated and non-medullated 
nerve-fibres bound together by fibrous tissue. The larger trunks are nourished 
by special vascular branches, and contain lymphatic channels concerning the 
central relations of which our knowledge is singularly unprecise. The trend of 
modern opinion is to believe that centrally these perineural lymphatics do not 
connect with the subarachnoid space [see Abel et al., 1, 2); such observations 
as those of Horster and Whitman [12., in which material inoculated intra- 
neurally arrived at once at the nervous axis, in all probability merely indicate 
that sufficient pressure during injection can rupture the existing barriers, 
demonstrated histologically by Elman 110}. Some indirect evidence support- 
ing this view will be mentioned presenily. The medullary sheaths are 
interrupted at the nodes of Ranvier, and it seems inconceivable that the 
relatively inert myelin can provide a medium for rapid transport to the central 
nervous system; the neurolemmal sheath is highly tenuous except in the 
vicinity of the nuclei of the cells of Schwann. The axis cylinder, a direct 
protoplasmic continuation of the body of the neuron, seems to be the chief 
uninterrupted link between centre and periphery. De Renyi’s micro-dissection 
studies [9] indicate apparently that it, like the rest of the cytoplasm of the 
nerve cell, isofa very definite consistency, retaining its shape completely when 
cut into fragments. It is intimately connected with the medullary sheath, 
leaving no natural peri-axial space; the myelin and neurolemma are less closely 
joined. 

Thiele and Embleton [29] believed that the more soluble substances at 
least may pass directly up the axis cylinders to the cord. Yuien [35], on the 
other hand, found that solutions injected into a nerve were conveyed by the 
perineural spaces to the junction of the anterior and posterior roots, thence by 
the anterior root to the pia and subpial spaces of the cord, and also along, 
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though not apparently within, the motor root fibres as far as their cells of 
origin. If sufficient time were allowed the solution passed outwards along the 
posterior roots, but not along the contralateral anterior root. This and other 
experiments showed that in the motor nerve the direction of lymph flow is 
centripetal, in the sensory nerve centrifugal. It should be remarked that in 
the animal killed one and a half hours after inoculation the solution had already 
reached the cord, an observation recalling the experience of Horster and Whit- 
man (loc. cit.) ; there is no evidence that viruses travel at this speed. 

Sullivan and Mortensen (28°5} injected 0:05 e.c. brominol coloured with 
scharlach R into the sciatic nerves of rabbits and cats, and by radiography 
traced its subsequent passage towards the cord ; they claimed that after four to 
six hours gross dissection revealed the coloured oil in the subarachnoid space. 
The rate of spread was not appreciably diminished when muscular movement 
was prevented by administering hypnotics. 

Using the same solutions as Yuien, Hurst (unpublished experiments), 
injected the median nerves of monkeys at the level of the bend of the elbow. 
One, two and a half, four and a half, and seven hours later, no macroscopic or 
microscopic deposit of Prussian blue could be detected above the cords of the 
brachial plexus. As time elapsed the reaction at the site of inoculation became 
progressively weaker, until after twenty-four hours no Prussian blue was pre- 
picitated even here. Microscopically, at the level of injection the blue precipi- 
tate lay mainly under the connective-tissue sheaths of the nerve bundles and, 
to a less extent, around small vessels deeper in the bundles; the axis 
cylinders were coloured diffusely a pale blue for a short distance on either 
side of the nodes of Ranvier, which are recognized as regions of comparatively 
sreat permeability. 

In a personal communication Dr. D. Denny-Brown states that though 
injection of a peripheral nerve of cat or monkey with indian ink or carmine- 
gelatine most often produces merely a local distension of the connective 
the injection will run some centimetres under the 


tissue, occasionally 
When this occurs from an injection fairly near 


perineurium without pressure. 
the cord the inoculum may run under the sheath of the spinal ganglia and 
pass into the subarachnoid space. The exact pathway of this communication 
is under investigation, but no evidence has been obtained to show any natural 
circulation by this route. 

The anatomical relations of the olfactory nerve differ from those outlined 
The terminal fibrils are freely exposed on the surface of the olfactory 


above. 
The lymphatic channels accompanying the nerve filaments, distinct 


mucosa. 
from the general lymphatic system of the nasal mucosa, connect directly with 


the subarachnoid space [3, 7, 34], and it has been shown that they furnish 


ready access to the meninges in the case of bacterial invasion |30, 31). 
Experimental evidence of the importance of the nervous pathway in 


the transmission of rabies [151, 153, 154, 161, 183-185] dates back for 


many years. Rabies did not develop after intrasciatic inoculation if at 








12 ORIGINAL ARTICLES AND CLINICAL CASES 


the same time the nerve were sectioned and cauterized on the central 
side; if an inoculated tail were removed within twelve hours of the 
deposition of virus no disease resulted ; section of the nerve supply of a 
salivary gland prevented infection of the secretion; virus and lesions 
appeared first in that part of the cord most nearly connected with the 
site of inoculation. In the case of poliomyelitis similar evidence was 
available [125, 131, 136]. Centripetal neural spread has since been 
demonstrated in other virus diseases [36, 63, 67, 69, 70, 72, 139], while 
Nicolau, Nicolau and Galloway have emphasized the centrifugal march 
of viruses injected intracerebrally ; a remarkable example of the latter 
phenomenon is furnished by Borna disease, in which the long incubation 
presumably enables the virus to penetrate to, and produce specific 
changes in, the most remote ganglia of the peripheral nervous system 
[22, 43]. Evidence of such spread may, however, be obtained even in 
some hyperacute conditions [139]. In rabies the possibility of this 
occurring through the medium of the blood has _ been eliminated 
[178, 179]. To the transmission of viruses along pre-formed paths 
Marinesco has applied the term odogenesis. 

Until recently less attention has been paid to the precise transmitting 
mechanism in the nerves; usually it has been assumed or implied that 
the perineural lymphatics convey the virus to the cerebrospinal fluid, 
which then acts as the agent of dissemination to various parts of the 
nervous system [26]. As has been pointed out, it is by no means 
certain that such a course is anatomically possible except in the case of 
the olfactory nerve. Moreover, in poliomyelitis it is exceptional under 
experimental conditions to recover virus from the fluid [109, 115], at 
any rate during the incubation period, and in the human disease no such 
finding is on record [| 100, 102, 112, 123,127, 131] '; we have seen also 
that meningitis is not the primary lesion of the disease as was once 


supposed. In rabies negative results have usually been reported 
[157, 165, 180]; positive results have sometimes been obtained during 
the period of nervous symptoms [ 156, 162, 167]. Herpes virus is not 


easily found in the fluid in rabbits [63]; it has been detected in human 
fluid [62] in a case where it was certainly not responsible for the 
nervous condition present. In any case, recovery of a virus from the 
fluid when the disease process in the nervous tissue is at its height does 
not necessarily indicate the path travelled during the incubation period. 


' In view of the difficulty of establishing human poliomyelitis virus in the monkey, too 
much weight should not be attached to the negative results with human cerebrospinal fluid 
and blood. For the monkey, and in the case of rabies virus, the above argument holds good. 
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Following previous unsuccessful attempts to detect virus in the fluid 
during the incubation period of experimental poliomyelitis, Hurst 
(unpublished experiments) practised intrasciatic inoculation in a 
monkey ; each day during the pre-symptomatic period as much fluid as 
could be removed with safety (about 3 c.c.) was used to replace that of 
a fresh animal, which thus received in all perhaps 12 c.c. fluid. Never- 
theless it did not develop the disease. Repetition of the experiment 
again led to a negative result. It is very difficult to believe that in 
these instances the fluid played any part in the transportation of the 
virus. 

It must, of course, be admitted that experimental infection of the 
fluid readily produces disease. In experimental poliomyelitis it seems 
that intracisternal inoculation is followed by penetration of the 
ependymal surfaces by the virus, after which the course of events is 
similar to that following intracerebral inoculation [116]. In rabies 
Speransky found that inoculation into a walled-off area bounded only by 
meninges led to disease only after great delay ; he concluded that the 
cerebrospinal fluid greatly assists in disseminating the virus [191]. No 
doubt it does when virus is introduced directly into the fluid, but 
neither of the observations cited show that this occurs under normal 
conditions. 

On the other hand, there is a growing mass of evidence that the 
nerve fibres themselves may provide the path to the central nervous 
system. Although Duboué as far back as 1879 suggested the axis- 
cylinders as a pathway of infection in rabies [155], and in the case of 
other diseases the supposition has been again advanced by later writers, 
notably Levaditi, Goodpasture’s observations [65,67] were the first 
which can be regarded as affording reasonably clear evidence of this 
occurrence. After inoculation of herpes virus into an area supplied by 
the sensory division of the 5th cranial nerve, lesions appeared at a 
point immediately central to the plane where the sheath of Schwann 
disappears ; in these fibres the myelin sheath is not sufficiently developed 
to prevent escape of virus into susceptible tissues. In the motor 
division of the nerve, however, conditions are different, inasmuch as the 
myelin sheaths are much more substantial; after inoculation into the 
masseter muscle, the first intracerebral lesions are in the motor 
ganglion cells of the 5th nerve nucleus, and the heavily medullated fibres 
pass through a wide zone of susceptible tissue without evidence of 
neuroglial infection. In the case of rabies less conclusive evidence of 
axonal spread was forthcoming [160]. However, Marinesco and 
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Draganesco | 20] reported that inoculation of herpetic material below a 
strongly compressed segment of the sciatic nerve, in which the axons 
had been completely interrupted, might lead to the disease, and con- 
cluded that transmission must have taken place by the perineural 
lymphatics. Even if these channels do connect with the spinal theca 
the two views are not necessarily in conflict ; in the nerve infection may 
travel by both routes, but more quickly and favourably by the axis- 
cylinders. Indications in pseudorabies that the virus causing inter- 
stitial lesions in the nerve is not responsible for those in the spinal 
ganglia, which appear before the ascending neuritis has mounted to the 
juxta-medullary part of the peripheral nerve [138], support this view ; 
similar histological observations are on record in herpes [72] and in 
B. virus disease [37]. In B. virus disease the meninges are susceptible 
to direct attack of the virus, which after intracerebral inoculation evokes 
specific lesions here, but when myelitis ensues after peripheral inocula- 
tion specific changes are seen usually only inside the cord, and not in 
the meninges through which the infective agent must have passed ; 
this observation again suggests an insulating structure between the 
susceptible meningeal tissues and the virus, which must in other words 
be inside the medullary sheaths of the nerve fibres. Returning to 
Marinesco and Draganesco’s results, the fact that the herpes virus is 
not a strict neurotrope and may infect other tissues, as poliomyelitis and 
rabies apparently cannot do, may conceivably have an important bearing 
in allowing it to go through a natural barrier between the perineural 
lymphatics and the subarachnoid space. A further possibility, that the 
results were due to the mechanism operative in pseudorabies after 
inoculation into a denervated area, will be considered later. 

In anumber of diseases caused by neurotropic viruses it has been 
remarked that a certain amount of trauma exposing the axis cylinders 
is necessary to ensure successful intraneural inoculation [71, 115, 159}. 

In poliomyelitis, Fairbrother and Hurst’s study of the march of 
virus and of lesions during the incubation period, suggested very strongly 
that this virus also may spread by the axons [109, 115]. Without 
entering into details, one series of observations may be mentioned which 
is difficult to explain on any other supposition. After inoculation into 
the left sciatic nerve the virus first appeared in the lumbar cord, and 
soon afterwards in the leg area of the right motor cortex. At this time 
the cervical cord, the arm area of the right motor cortex and the left 
motor cortex were free from virus. Later, virus appeared in the cervical 
cord, the leg area of the left motor cortex and in the arm area of the 
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motor cortex of both sides. This behaviour would be expected were the 
pyramidal fibres the transmitting structures. Similar conclusions have 
been reached by Faber and Gebhardt in a very detailed study of the 
disease following nasal instillation [108]. Brodie and Elvidge [106] 
record that partial bilateral removal of the olfactory bulbs and tracts 
prevented infection from nasal instillation, and Schultz and Gebhardt 
[132] a similar finding after cauterization of these structures; in view 
of what follows, however, in respect to the recently studied virus of 
equine encephalomyelitis (q.v.), these observations can no longer be 
accepted as indicative of axonal spread unless it be shown that the 
operative procedure had not led also to cicatrization of the accompanying 
perineural lymphatics. Jungeblut and Spring [119] observed that 
after section of the spinal cord in the dorsal region, followed by intra- 
cerebral inoculation, poliomyelitis virus did not pass into the lower 
segments of the cord despite the fact that the circulation of cerebrospinal 
fluid was unimpeded. ‘The occurrence of crossed paralysis noted by some 
observers [109, 131] after intracerebral inoculation has been denied by 


others [105]. 

O'Leary and his co-workers [126] dissent from the interpretation 
placed upon some of the foregoing observations. Using the cathode ray 
oscillographic technique they found that the functional activity of the 
nerve fibres of poliomyelitic animals remained normal until the period 
when histological changes were clearly demonstrable in the nerve cells. 
They believe that if the virus travelled by the axis cylinders signs of 
impaired conductivity should be manifest at an earlier stage; as an 
alternative they suggest that possibly the virus travels between the nerve 
fibres, and would explain Hurst's results after sciatic inoculation on the 
ground that the path of least resistance lies between the pyramidal fibres 
rather than across them. It is probably impossible finally to prove or 
disprove this hypothesis, which in this case rests upon the assumption that 
the passage of virus along the axon is necessarily detrimental to that 
structure. This by no means follows from the evidence available. In 
several diseases due to neurotropic viruses it is possible to detect nuclear 
inclusions, indicating deranged nuclear metabolism, while the cytoplasm 
is still normal ; in pseudorabies in particular, the Nissl substance, Golgi 
apparatus, mitochondria and neurofibrils may appear unaltered with 
quite advanced nuclear changes [138]. It may be that the presence of 
some viruses in the cytoplasm is relatively innocuous, and that it is by 
perversion of nuclear metabolism that impaired function of the cell and 
cytoplasmic degeneration are ultimately brought about. Were this so 
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the conductivity of the axon would remain unaltered during transmission 
of the virus. On the other hand, in equine encephalomyelitis in which 
no evidence of axonal spread of the virus is yet forthcoming [56], the 
distribution of lesions in the brain at an early stage following intranasal 
instillation is in large part determined by the course of the olfactory 
connections. 

Cowdry [8] finds the physical factors involved in the suggested 
spread by the axons difficult to comprehend. ‘ The processes are tubes 
of capillary size through which no chemical substance could travel 
without being arrested by practically complete adsorption on the walls.”’ 
He also quotes the observations of de Renyi (/oc. cit.) on the consistency 
of nerve fibres. The fact referred to above, that the nucleus of the 
neuron is often the first part of the cell to show damage, suggests that 
the virus must enter and act upon the nucleus itself; thus the problem 
of passage of virus through a semi-solid gel cannot wholly be avoided, 
even though minimized by the assumption that penetration of the 
cytoplasm does not occur until the cell body is reached. Except for 
this difficulty in explaining transmission, if viruses are obligatory 
intracellular parasites we might anticipate penetration of the neuron at 
the nearest point, i.e. in the case of peripheral inoculation at the nerve 
ending or exposed part of the axon, which after all is merely an extension 
of the cell body. In certain circumstances the alternative to axonal 
spread, viz. transport by the perineural lymphatics, is at least as difficult 
to envisage ; in the case of a strictly neurotropic virus, such as that of 
rabies which does not multiply at the site of inoculation (personal 
observation), after introduction of a small amount by scarification we 
should have to postulate a regular fluid flow capable of delivering the 
virus without loss from the site of infection all the way from the nerve 
endings to the cord. 

Levaditi imagines the propagation of viruses as taking place by 
infection of successive segments of the axon accompanied by the develop- 
ment of immunity and a refractory state in the parts previously affected 
(neuroprobasia, [69]). It seems, however, that this is pure hypothesis 
without adequate experimental basis. It has been shown [115] that in 
poliomyelitis excision of the sciatic nerve from the sciatic foramen 
downwards, within twenty-four hours of intraneural inoculation at the 
level of the popliteal fossa, prevents development of the disease, whereas 
the same procedure at thirty-six hours does not; Koppisch [68] has 
criticized this observation, partly on the ground that trauma may 
completely alter the rate of conduction of virus along the nerve, but his 
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own figures for the rate of transmission of herpes virus, 0°35 mm. per 
hour, are not vastly different. If they represent the speed of trans- 
mission of a virus, it is difficult to see how any immunity reaction, in 
the accepted sense of the term, could be evoked in so short a period of 
time. On the other hand, if, as seems doubtful, Yuien’s experiments 
(loc. cit.) can be taken at their face value, this time is greatly in excess 
of that required for solutions to pass along the perineural lymphatics. 
To conclude, the available evidence clearly establishes the importance 
of the neural path in infections of the central nervous system with the 
neurotropic viruses. It does not favour the belief that in the transport 
of virus the perineural lymphatics and cerebrospinal fluid take the 
major part; with Pette, Demme and Kérnyey [129], however, we are 
far from denying that the fluid may at some stage play a subsidiary 
rdle. On the other hand a number of observations strongly suggest 
the possibility of transmission along the axis cylinders of the nerve 
trunks ; the chief difficulty in the general acceptance of this belief lies 
in the physical constitution of the nerve fibre. It is obvious that much 
more work is needed to reconcile conflicting statements regarding the 
finer anatomy of the nerve trunks and the structure of the nerve fibre 


before universal agreement is obtained. 


The Presence of Virus in the Blood-stream. 


The nervous tissues are separated from the blood-stream by physiological 
barriers, the blood-brain and blood-cerebrospinal fluid barriers, which hold 
back many substances of even comparatively simple structure and low mole- 
cular weight. Most bacterial toxins and many dyes are thus prevented from 
reaching the nerve cells, though in this connection the electrical charge is 
possibly important |11) ; antibodies also do not pass the barriers. It is not 
difficult to believe that circulating viruses, especially the larger ones, would 
likewise be denied direct access to the nervous structures, though it might 
equally readily be supposed that some might ultimately “ grow through” the 
barrier by infecting the cellular elements concerned. The limited evidence 
available suggests that viruses do not easily penetrate the barrier. Thus 
McKinley and Holden [21] found that bacteriophage did not appear in the 
cerebrospinal fluid within twenty-four hours of intravenous inoculation. On 
the other hand, these authors claimed that the virus could pass in the opposite 
direction, from fluid to blood ; in this case the effect on the permeability of 
the barrier of intrathecal inoculation of foreign material was not excluded as 
the essential factor, though Flexner and Amoss [110,111] had previously 
demonstrated its operation in experimental poliomyelitis. Klieneberger [12°5] 
found only slight penetration of the barrier when enormous doses of bacterio- 
phage were given intravenously. The virus of equine encephalomyelitis, of 
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comparatively small size, and the larger pseudo-rabies virus do not pass directly 
from blood to cerebrospinal fluid or nervous tissues [56, 139) . 

There is, of course, an abundant literature on the means whereby perme- 
ability of the barriers may be increased. In work with viruses slight trauma 
is often deliberately inflicted to circumvent the normal defence mechanism. 
Winkler |210) stated that vaccinial infection increases permeability to the 
bacteriophage. Le Févre de Arric and Millet [13-15] claimed to have favoured 
penetration by intraspinous inoculation of distilled water or hypertonic saline, 
and by intravenous injection of various chemicals and dyes; they worked, 
however, with viruses (herpes, rabies) which in untreated animals may under 
certain conditions produce nervous disease following intravenous inoculation. 
Demme (8*5! found that pathological conditions of the meninges and brain 
favoured the passage of bacteriophage from the blood. 


In determining the rdle played by the blood in infections with the 
neurotropic viruses two considerations must be borne in mind. In the 
first place the same importance cannot be attached to the presence of 
virus in the circulating fluid at all stages of infection. Thus it would 
not be remarkable if on occasion in the later stages of a particular 
disease, coincidently with lysis and phagocytosis of destroyed nerve cells, 
positive blood tests were recorded. Of quite different significance would 
be the circulation, during the incubation period, of virus inoculated 
intranasally or intramuscularly, though, as will be seen presently, 
precocious infectivity of the blood is not necessarily a pointer indicating 
the route of invasion of the central nervous system. 

The second consideration concerns the clearing mechanism of the 
blood. Viruses inoculated intravenously are, no doubt, dealt with in the 
same way as are visible bacteria. Within a few hours of inoculating a 
large dose of equine encephalomyelitis virus, none may be detected in 
the blood [56]. A large dose of pseudorabies virus so introduced 
disappears even more rapidly [139]; later, after the virus has under- 
gone considerable multiplication in various viscera, the blood once more 
becomes infective. In some cases after subcutaneous inoculation of 
pseudorabies virus the lung and spleen may be infective when passage 
of the blood is negative, though, doubtless, this visceral virus has arrived 
by way of the circulation. These observations suggest that if a virus 
enters the circulation intermittently, even in considerable amounts, it is 
rapidly removed therefrom with restitution of sterility, and the blood 
infection remains inapparent ; if passage of virus by way of the visceral 
nerves from the cord can be excluded, infectivity of the blood-rich organs 
may thus be a more delicate test for blood contamination than is afforded 
by single examination of the blood. The detection of virus in the blood 
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must mean either that it is entering the circulation continuously and in 
considerable amount, or that it is growing in the blood, as Gordon 
suggests in the case of louping-il] [83], or else that the normal clearing 
mechanism is no longer operative; failure to detect virus signifies the 
exact converse and nothing more. 

The facts bearing upon the part played by the blood may now be 
presented, and in doing this it is again convenient to consider separately 
the different classes of viruses. 

The stricter neurotropes.—To recover poliomyelitis virus from the 
blood is unusual, though small quantities may be present at the height 
of the disease [102, 107, 112, 123, 136]; in any case positive results at 
an earlier stage would probably have little significance in the patho- 
genesis of the nervous disease, since only with very large doses does 
intravenous inoculation lead to infection [107], and inoculation directly 
into the carotid artery is no more successful [118]. 

Rabies virus, too, is rarely found in the blood [150]; moreover, the 
criteria of infection in the passage animals of some of the earlier workers 
who claimed positive results would probably not now be accepted. Even 
if virus does occasionally appear in the blood, Schweinburg and Wind- 
holz’ experiments [189] seem to show that the occurrence is without 
bearing on the invasion of the nervous system; into one animal of each 
of eighteen pairs of parabiotic guinea-pigs they inoculated rabies virus, 
and only the inoculated animals developed the disease. 

Using reasonable amounts of virulent emulsion, most authors have 
found intravenous inoculation ineffective, though possibly different 
animal species vary somewhat in their response [150]. Schweinburg 

188] states that to ensure positive results it is not always necessary, 
as Jowelew [164] maintains, to break down the hemato-encephalic 
barrier by “ pumping ’’; in the guinea-pig 90 per cent. success is attained 
with large quantities of thick emulsion freed by paper-filtration from 
coarse particles. But the dosage needed amounts to 6 c.c. per kilo 
body-weight ! Hurst (work to be published) has recently found that 
intravenous inoculation of virulent guinea-pig brain in the rabbit is 
much more effective than is that of homologous brain, and that infection 
is secured with quite small doses ; the reason for this is at present under 
investigation. 

Borna virus is not found in the blood [42]; Seifried [25] regards as 
exceptional Ernst and Hahn's results [39], in which virus was not only 
detected therein, but also passed through the placenta to the foetus. 
Single intravenous inoculations are stated not to produce the disease 
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[40,42], though the writer has sometimes been successful with large 
doses. 

Practically no work has been undertaken to elucidate the method 
of infection of the central nervous system in the case of successful intra- 
venous inoculation of viruses of this type. The one important observation 
is that of Lennette and Hudson [124] who found that repeated intra- 
venous injection of poliomyelitis virus was ineffective if the monkeys 
were previously subjected to extirpation of the olfactory bulbs and tracts. 
Since they also found that following injection virus might be present in 
the nasal washings, the path of infection seems obvious. As will be seen 
later, work along other lines led the writer to a similar conclusion in 
the case of the equine encephalomyelitis virus. 

The pantropic viruses.—These may or may not be detected with 
ease in the blood-stream. 

In this respect the virus of pseudorabies is not consistent in its 
behaviour. During and for some time prior to the period of nervous 
symptoms in rabbits infected with the Anjeszky strain, the blood is 
usually infective in high dilution [142, 144, 147], though this may not 
have been so when the virus was first isolated [137, 139, 141, 143]. 
On the other hand, the serologically identical Iowa strain [146] is 
inconstantly present in even large volumes of blood [139, 145], though 
possibly with repeated passage this difference between it and the 
classical strain is less marked. Be this as it may, the observation that 
after subcutaneous or intramuscular inoculation virus and lesions first 
appear in the nervous system at the level directly connected with the 
site of inoculation [139] demonstrates that the blood is not the medium 
of transport to the cord, which, as with viruses of the preceding group, 
is invaded by way of the peripheral nerves. After intravenous inoculation 
virus appears in the nervous tissues no sooner than after subcutaneous 
or intramuscular injection; the fact that, in contrast to the stricter 
neurotropes, this virus infects very readily by the intravenous route must 
be related to its pluricellular affinities permitting it to establish infective 
foci in certain viscera, from which follows extension by the neural 
route. For the same reason virus introduced into a denervated area 
proliferates locally, invades the blood-stream, infects the general viscera, 
and ultimately reaches the nervous system by the visceral nerves [139]. 

The virus of herpes may sometimes be detected in the blood [ 69, 73], 
but, as already detailed, infection of the brain takes place through neural 
agency. Intravenous inoculation often leads to foci of necrosis in the 
adrenals and liver [67, 75, 76], which presumably form the starting point 
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for the not infrequent invasion of the nervous system [ 61, 67, 73, &c]. 
Local growth of virus followed by a non-apparent infection of the blood- 
stream, as suggested in the introduction to this section, might account 
for Marinesco and Draganesco’s observation that crushing a peripheral 
nerve so as to interrupt completely the axons between the site of 
intraneural inoculation and the cord did not prevent the nervous 
infection [20] ; these authors accept this finding as evidence of spread 
of the virus by the perineural spaces. Usually, inoculation into a 
denervated area does not lead to nervous involvement [ 67, 69]. 

The B. virus has not yet been detected in the blood [36], but the 
presence of numerous necrotic foci in the viscera at an early stage after 
intratesticular inoculation [37], and less frequently with other routes 
of infection, are certain proof of blood contamination, apparent or 
inapparent. Just as with pseudorabies virus, intravenous inoculation 
of even small doses leads to the nervous disease. The histological and 
clinical findings certainly indicate neural spread to the nervous system. 

The state of affairs with some other pantropic viruses (equine 
encephalomyelitis, yellow fever,! and louping-ill viruses) is quite different. 
At death following inoculation by a peripheral route, virus and lesions 
are usually localized to the nervous system, leaving the blood virus-free, 
But before the period of nervous manifestations these viruses may 
undergo considerable multiplication outside the nervous system, and the 
blood is often highiy infective. It may be noted that in Nature these 
diseases are transmitted by the bites of blood-sucking insects 
57-58-5, 86]. 

From the point of view of the mechanism of infection of the central 
nervous system, the virus of equine encephalomyelitis has perhaps been 
studied most completely. Introduced in even small doses intravenously 
or by some other route of peripheral inoculation [56], this virus appears 
sooner or later in the blood where its titre rapidly rises. After a time 
in the monkey virus disappears from the blood, and humoral immunity, 
as judged by the presence of neutralizing antibodies in the serum, is 
established ; the animal may thereafter remain well. But in about half 
the cases, when the monkey provides as potent an antiserum as it ever 
will, it develops encephalitis and dies. In the case of the guinea-pig a 


1 The differences between the ordinary ‘‘ viscerotropic ’’ yellow fever virus and the modified 
‘neurotropic’ strain are not as great as was formerly supposed. Theiler and Hughes[224} 
have shown that African monkeys said to be insusceptible to the viscerotropic virus may develop 
encephalitis on intracerebral inoculation, as do Asiatic monkeys in which the attack on the 
liver is frustrated by administration of antiserum. Similar observations are recorded by 
Findlay and Stern [217°5]. One variant may readily be converted into the other [216]. 


Thus the term ‘‘ viscerotropic ’ has here a meaning different from that given in this review. 
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much higher percentage of animals contracts the nervous disease and 
dies, and the nervous phase follows much more quickly on the visceral, 
occurring perhaps before the blood is wholly virus-free. There is no 
evidence that infection of the nervous system takes place by way of the 
peripheral nerves in general; after inoculation intramuscularly, intra- 
dermally or intraneurally in the hind limb, virus and lesions do not 
appear first in the lumbar cord or intervertebral ganglia. In the 
monkey the cerebrospinal fluid is infective before many parts of the brain 
tissue, but after intravenous inoculation of large doses of virus several 
days elapse before the fluid becomes virulent, ruling out the possibility 
of direct passage through the blood-cerebrospinal fluid barrier. In the 
guinea-pig the frontal region of the brain is almost always virulent before 
the brain-stem and cord, as it is, though at an earlier stage of infection, 
after intranasal instillation of virus. During the period of blood- 
circulation of virus following intramuscular inoculation, virus may 
appear in the nasal washings: while in a certain number of cases, but 
not in all, after intramuscular inoculation the distribution of lesions is 
similar to that obtaining after intranasal instillation. In short, after 
inoculation by the intramuscular and similar routes the evidence points 
to a spread of virus from the blood to the nasal mucosa and thence to 
the brain as the most frequent occurrence. 

Now since there is no evidence in favour of neural spread after intra- 
muscular or intrasciatic inoculation, it does not seem likely that virus is 
transported from the nose by the fibrils of the olfactory nerve; the work 
already cited [3, 7,30, 31,34] suggests an alternative and more probable 
path by the perineural lymphatics accompanying the nerve. If this 
latter is the route utilized, there is no apparent reason why virus intro- 
duced into the sciatic nerve should not travel to the cord by the perineural 
lymphatics, unless these structures in the case of the peripheral nerves 
do not connect centrally with the subarachnoid space ; the above obser- 
vations, therefore, offer some support to the anatomical evidence that no 
direct connection exists. This conclusion in turn implies that such 
viruses as do pass along the peripheral nerves to the nervous axis, as 
poliomyelitis, rabies, &c., attain their objective by the medium of the 
axis cylinders. 

It might be thought possible by experimenting with animals previously 
subjected to ablation of the olfactory bulbs to prove definitely that virus 
travels from blood to brain by way of the nose, especially as it seems 
likely that cicatrization following the operative procedure would block 
also the lymphatic connections. Unfortunately, the impaired efficiency 
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of the hemato-encephalic barrier following trauma to the nervous tissue 
persists for a very long time. It follows that with viruses circulating 
in the blood only negative results such as those obtained by Lennette 
and Hudson with poliomyelitis would be of significance. In the case 
of equine encephalomyelitis, infection of the nervous system still 
followed intramuscular inoculation in animals subjected two months 
previously to the operation indicated, though other observations 
suggested that the direct route from nose to brain had _ been 
blocked [56]. 

Occasionally after intramuscular inoculation of the virus of equine 
encephalomyelitis, the brain-stem and not the frontal region first 
becomes infective. Also, since the distribution of lesions following intra- 
muscular inoculation is not always identical with that after intranasal 
instillation, we cannot assert that the path suggested above is the only one 
possible. On theoretical grounds it can be imagined that the virus 
may ‘‘grow through” the blood-brain barrier. During the phase of 
visceral infection the cells constituting the barrier may be infected, and 
virus may persist in them, as it does in the spleen, for some time after 
antibodies have appeared in the blood. Once immunity is established, 
virus escaping on the blood side of the barrier would be impotent in the 
presence of antibodies and resistant tissues, whereas virus leaking on 
the other side would find itself in a susceptible tissue shut off from 
humoral influences by the barrier; a fatal encephalitis might then 
ensue in spite of the visceral immunity. That this course of events is 
possible is shown by the observation that while a monkey which has 
passed the visceral phase of infection without having developed encepha- 
litis will tolerate millions of infective doses of virus inoculated intra- 
muscularly, it usually contracts encephalitis and dies if virus be inoculated 
directly into the brain [56]. 

Many of the facts established concerning the viruses of louping-ill 
(81-84, 87] and yellow fever [214, 215, 219, 220, 224] would fit in with 
the assumption that their mode of action is essentially similar to the 
foregoing, though it must be mentioned that Theiler [222, 223] has 
obtained apparently definite evidence of neural spread of yellow fever 
virus. There are, however, considerable gaps in our knowledge con- 
cerning these other viruses; a full discussion has been published 
elsewhere | 56 

To conclude, detection of a neurotropic virus in the blood is likely 
only when the virus is entering the circulation more or less continuously 
and in large amounts, i.e. when large reservoirs of virus exist in the 
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tissues, or if it is actually growing in the blood. It is, therefore, unusual 
to find the stricter neurotropes in the blood, at least until the terminal 
stages of the nervous infection. The pantropic viruses appear more 
frequently, especially the equine encephalomyelitis—yellow fever— 
louping-ill group in which a period of blood infection is a characteristic 
feature of the pre-nervous phases of the disease and allows of trans- 
mission of the contagium by blood-sucking insects. From a patho- 
genetic standpoint the significance of virus in the blood lies not in the 
immediate consequences, for the normal hemato-encephalic barrier is 
probably impervious to most if not all viruses, but in the possible distribu- 
tion of virus to areas from which the nervous system may be infected. 
In the case of some pantropic viruses infective visceral foci are thus 
established from which ascent to the nervous system by the neural route 
may follow. Other viruses appear on the nasal mucosa and reach the 
nervous system by the olfactory nerve or, more probably, by its 
accompanying lymphatics. The possibility of a slow “ growth through ”’ 
the hemato-encephalic barrier, due to infection of its constituent cells 
by a virus, must also be considered, though at present there is no 


certain evidence of such an occurrence. 


A SuGGESTED Basis FOR CLASSIFICATION OF VIRUSES AFFECTING 
THE NERVOUS SYSTEM. 

Even though our knowledge is far from complete, it is permissible 
to attempt a classification of the known facts provided that the possibly 
temporary nature of the edifice be clearly recognized. Though ultimately 
modified or discarded, it serves for a time as a framework within which 
new findings may be more readily compared or contrasted with old. 
The following purely tentative grouping of the viruses discussed above 
is suggested. 

Group 1. The stricter neurotropes.—These attack directly and destroy 
nerve cells, central and peripheral, but are without obvious direct action 
on other cells; the inflammatory reaction in the nervous tissues is 
purely secondary and reactive. They do not multiply except in nervous 
tissue. Introduced at a peripheral site they pass up the local nerves to 
the central nervous system; inoculated into a denervated area no 
disease results. They are rarely found in blood or cerebrospinal fluid, 
at any rate until late in the nervous disease ; intravenous inoculation of 
moderate to small doses is usually ineffective. Examples are the 
viruses of poliomyelitis, rabies, pseudorabies (in the monkey), and Borna 


disease. 
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Group 2. The pantropic viruses, Type 1.—While definitely neuro- 
tropic, these also directly attack and produce specific lesions in cells 
derived from all embryonic layers. In the nervous system, conse- 
quently, they attack both ectodermal and mesodermal structures ; in 
the viscera they may produce multiple foci of necrosis. They grow 
with greater or less facility in situations outside the nervous system, as 
well as in the brain and cord. They may or may not be easily detected 
in the blood; if not, indirect evidence of blood spread is often forth- 
coming, but invasion of the nervous system is by way of the peripheral 
nerves. Inoculation into a denervated area often leads to the nervous 
disease ; in these cases local growth followed by blood contamination 
allows the virus to set up infective visceral foci from which follows 
invasion of the nervous system by the visceral nerves. Intravenous 
jnoculation of small doses is often effective. Examples are the virus of 
herpes febrilis (in the rabbit, &c.), that of pseudorabies (in the rabbit), 
and the B. virus ; the herpes virus is probably nearer the stricter neuro- 
tropes than are the other two. 

Group 3. The pantropic viruses, Type 2.—Although these viruses as 
1 group are pantropic, the cellular affinities of individual representatives 
are more restricted than with viruses of Type 1; outside the nervous 
system they are directed particularly to epithelial and blood-vascular 
structures. Characteristically, a phase of blood infection is followed by 
systemic immunity; in a certain proportion of cases encephalitis 
supervenes after the virus has disappeared from the blood, and when 
presumably the body as a whole already is, or is becoming, immune. 
Intravenous inoculation is often successful with small doses. Many of 
these diseases are spread in nature by blood-sucking insects. In the case 
of one of these viruses, that of equine encephalomyelitis, no evidence of 
neural spread is forthcoming; during circulation in the blood, virus appears 
on the nasal mucosa and reaches the brain probably by the perineural 
lymphatics of the olfactory nerves. Further investigation is needed to 
show whether such behaviour is typical of the group. In the nervous 
system there is a primary and direct attack on the nervous elements. 
Examples are the viruses of equine encephalomyelitis, yellow fever, 
louping-ill, and vesicular stomatitis. 

Group 4. The viscerotropic viruses.— For want of a better, this term 
is applied for the time being to certain viruses which, under conditions 
of natural infection, are not excitants of encephalitis. The lesions they 
promote on inoculation directly into the brain are primarily meningeal, 
and there is no evidence of damage of nerve cells of greater degree than 
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accompanies any meningitis of corresponding severity. Examples are 
the viruses of vaccinia, lymphogranuloma inguinale and salivary-gland 


disease of guinea-pigs. 


A NovE ON THE SELECTIVE DISTRIBUTION OF NERVOUS LESIONS DUE 
tO CERTAIN VIRUSES. 

One of the most fascinating and at the same time difficult problems 
confronting the neuropathologist is that of the selective localization of 
certain morbid processes to given regions of the nervous system, Vogt 
(33, &c.] seeks to account for many examples of such distribution of 
lesions on his theory of “ pathoclisis,’”’ which implies a vulnerability of 
certain nervous elements inherent in their physicochemical structure. 
While this assumption, which in one sense seeks to explain the unknown 
in terms of the unknown, is sometimes unavoidable, it must obviously 
be made with caution, for time may reveal the participation of deter- 
minant factors at present obscure and unconnected with the constitution 
of particular types of cell. The valuable contributions of Spielmeyer 
and his pupils [4, 27, 28, 32, &c.] have, for instance, emphasized the 
importance in some cases of the vascular factor in this connection, 
though Spielmeyer clearly recognized that it is not always or solely 
operative. In the realm of virus diseases we meet with several examples 
of a constant or very frequent elective localization of the most severe 
lesions, and since we know almost nothing of the underlying causes 
we must not rashly conclude that in all instances these are of the same 
nature. 

In many diseases of the nervous system due to viruses the seat 
of maximal pathological changes is in large part dependent upon the 
site of inoculation or on the route of natural entry of the virus. Thus, 
inoculated intracerebrally into the rabbit, the B. virus gives rise to an 
encephalomyelitis with generalized hyperesthesia, salivation, con- 
vulsions and speedy exitus as the cardinal clinical features; on the 
other hand, inoculated intramuscularly or intradermally in the flank or 
leg it is responsible for an acute ascending myelitis with death delayed 
for several days, and cerebral involvement is minimal both clinically and 
pathologically [37, 38]. Again, speaking quite generally of rabies in 
the monkey, more intense changes are found in the cord after intra- 
sciatic inoculation than after intracerebral, while higher levels suffer 
more severely under the reverse circumstances | 163]. 

By way of contrast, in poliomyelitis in both man and monkey the 
anterior horns of the cord show maximal involvement whether the 
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virus is introduced intranasally, intracerebrally, or intraneurally. In 
the motor cortex, often the only cortical area to show damage, cellular 
infiltration occurs in several lamine, though opinions differ as to whether 
the Betz cells are or are not electively destroyed | 114, 120, 133]; in the 
brain-stem neither motor nor sensory nuclei are consistently picked out 

133]; in the cord destruction is not absolutely limited to the motor 
cells [114, 133]. It is inaccurate, therefore, to speak of a pure attack 
on the motor system [133]; nevertheless, in the cord at any rate, it 
is the motor nerve cells which are predominantly affected. In the 
present state of our knowledge there appears to be no reason for this 
unless we assume especial vulnerability of these neurons to the infective 
agent [114]. 

An analogous occurrence is seen in louping-ill in the monkey. 
Whereas in the sheep and the mouse some destruction of Purkinje cells 
is apparent, and in the mouse the granular layer of the cerebellum may 
also suffer severely, in the monkey an almost complete, elective dis- 
appearance of Purkinje cells follows infection by the intracerebral 
80, 85], intrasciatic (personal observation), or intranasal route [82]. 
lesions are always present in other parts of the brain, but in no one 
region are they as severe, or present with such constancy, as in the 
Purkinje-cell layer. 

Thirdly, whether introduced into the brain, the cisterna magna or 
the sciatic nerve, the virus of pseudorabies exerts its chief action in the 
monkey on certain cortical areas, though within these areas the major 
incidence is not on a single type of nerve cell and the glia also is 
specifically involved [140]. More so than in the preceding instances, 
there seems here to be an elective attack on given areas as areas, without 
regard to the precise distribution of a particular kind of neuron. 

The relative frequency with which Negri bodies are found in the 
cornu Ammonis, and some other situations [177], in rabies is accepted 
by many authors as indicative of greater resistance, due to physico- 
chemical or developmental factors, of the neurons of this part of the 
brain [170, 174, 175, &c.]; the nerve cells in question are otherwise 
relatively normal| 186],while destruction of nerve cells and neuronophagia 
occur in parts where Negri bodies are seen less often. 

Among themselves nerve cells differ in certain obvious respects, in 
size and shape, in the form in which their tigroid substance is precipi- 
tated by fixatives, in the number of mitochondria in unit volume, and 
so on; of possibly more fundamental and significant differences in 
constitution we have at present little information. If, faute de mieuz, 
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in relation to the foregoing observations we postulate differences in 
structure or metabolism of the different types of neuron, we must not 
forget that the existence of such differences is largely hypothetical and 
must remain so until biochemistry can show in just what respect a 
motor differs from a sensory neuron. It is interesting, however, to note 
the analogy of the apparent affinity of some viruses for a particular kind 
of nerve cell to the extraordinarily specific action on a single type of 
cell of some of the fowl-tumour viruses, or again to the intimate relation 
between chemical structure in various phenol esters and their remarkably 
selective action on certain nervous structures [19]. 

There is one more problem of localization to be mentioned. While 
it would be far from exact to state that the symptomatology of different 
diseases due to neurotropic viruses in the smaller laboratory animals is 
indistinguishable except on the basis of acuteness or otherwise, it is a 
fact, comprehensible in view of the lesser complexity of the brains of 
these creatures, that in them the clinical pictures of the various infections 
are less characteristic than in the higher mammals. As an example, 
louping-ill and yellow fever induce not dissimilar syndromes in the 
mouse, differing rather in duration than in the symptomsexhibited. On 
the contrary, in the monkey the clinical manifestations of the various 
virus diseases studied by the writer have been highly distinctive and 
could not readily be confused one with another. Since symptoms 
reflect merely the localization of lesions, in the lower animals we should 
anticipate less diverse distribution of the major pathological changes. 

Experience has shown that in a number of neurotropic virus diseases 
of the mouse, guinea-pig and rabbit the outstanding lesion is often 
massive acute necrosis in the cornu Ammonis and in the rhinencephalic 
cortex ventral to the fissura rhinica ; large stretches of pyramidal cells 
may here be destroyed in toto. Lentz first described the eosinophilic, 
shrunken nerve cells with their pyknotic and fragmented nuclei as 
characteristic of passage rabies and called them ‘‘ Passagewutkérperchen”’ 
[169], though they had been seen previously by Achficarro [148], and 
have, apparently, been re-discovered by Levaditi and his colleagues 
[169-5]; they occur also in rabbits infected with street virus [163]. 
Similar appearances obtain in mice with louping-ill [85], yellow fever 
and St. Louis encephalitis [200], in rabbits with herpetic and virus III 
infections [212], and in guinea-pigs with equine encephalomyelitis [55]. 
In the corresponding diseases of higher animals, as the dog, cow, horse, 
monkey, although foci of destruction of nerve cells may be observed in 
these situations, the writer has so far not seen massive necrosis of the 
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kind under consideration; only in pseudorabies in the monkey is the 
cornu Ammonis affected almost as a whole, and then as only part of 
the elective distribution of lesions already mentioned. This phenomenon, 
common to the action of many viruses, is evidently of a different order 
from the apparently specific affinity between one virus and a given cell 
system, as in poliomyelitis. It must be regarded not so much as the 
outcome of a particular virus—host reaction, as the general response of 
a certain type of host to neurotropic viruses in general. The type of 
host appears to be that in which the olfactory brain is, relatively speaking, 
most highly developed, and is presumably relatively more abundantly 
supplied with fibre connections from other centres. On a previous 
occasion [55], the opinion was expressed that if the neurotropic viruses 
spread along axis cylinders we may offer an explanation in terms of the 
probable amount of virus reaching the affected areas. It has since 
appeared unlikely that, of those mentioned above, the virus of equine 
encephalomyelitis is transmitted by the axis cylinders [56]; never- 
theless, as we have seen, after intranasal inoculation, or what in many 
cases amounts to the same thing after intramuscular or subcutaneous 
inoculation, the distribution of lesions in the brain at an early stage of 
infection is governed in large part by the central connections of the 
olfactory nerves. Whatever the correct explanation, it is obvious that 
this problem of localization of morbid changes is wholly different from 
that in poliomyelitis and louping-ill. 
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THE EFFECTS OF OCCIPITAL LOBECTOMY ON VISION 
IN CHIMPANZEE. 
BY K. W. SPENCE, 
Yale Laboratories of Primate Biology, 
AND 
J. F. FULTON, 


Laboratory of Physiology, Yale University. 


INTRODUCTION. 

Ir has long been known that central vision appears to suffer rela- 
tively less than peripheral vision following unilateral destruction of the 
occipital cortex. Indeed, when the striata area is subtotally removed in 
man, central or macular vision may be more or less completely preserved, 
the deficit being confined to the peripheral, homonymous fields of the 
side opposite to the lesion. However, other cases, and they are generally 
those involving larger lesions, show a complete homonymous hemianopsia 
of the opposite side including the macular portion of the fields, with the 
vertical line passing through the points of fixation. For the most part 
the clinical examination of these cases of injury to the occipital lobe 
have consisted of field determinations by perimetric methods, and, in a 
few instances, visual acuity measurements. These latter, however, 
usually have been made with relatively crude methods and, therefore, 
have been of little value in interpreting the relation of the visual cortical 
centres to this function. A further limitation is the fact that the 
normal visual acuity of the subject, i.e. antedating the pathological 
condition, is not usually known. 

An opportunity to study the effects of occipital lobectomy upon visual 
acuity in chimpanzee was recently presented to us. The subject of the 
experiment, a co-operative adolescent female ‘chimpanzee, had been 
used extensively over a period of two years in a comparative study of 
human and chimpanzee vision [15], during which stable acuity standards 
had been established over a medium brightness range. As it was not 
desired to use this subject for breeding purposes in the Laboratories of 
Primate Biology it was decided do utilize it in a terminal experiment on 
the effects of cortical injury upon visual acuity. 

Two successive cortical extirpations were made. At the first 
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operation the entire left occipital lobe, including all calcarine cortex, 
was removed. Visual acuity determinations at four brightness levels 
were made between the seventh and forty-third day after operation. <A 
second operation involving subtotal extirpation of the right occipital 
lobe was then performed and visual acuity again tested. An attempt 
was also made to determine the limits of the fields of vision following 
each operation. This is the first recorded study of the results of 


occipital lobectomy in a chimpanzee. 


APPARATUS AND METHODS FOR MEASURING VISUAL ACUITY. 


Apparatus.—The apparatus employed in measuring visual acuity 
was the Ives Visual Acuity Test Object? [8]. This instrument presents 
to the subject an illuminated circular field, 7 cm. in diameter, containing 
black and white striz equal in width. These stri#, which are produced 
by the rotation about each other of two glass plates on which are ruled 
very fine opaque lines, 240 to the inch, may be varied reciprocally as to 
size and number, increasing in number and decreasing in size as the 
angle formed by rotating the two sets of grating lines is made larger. 
When the stri# are very small and viewed at a sufficiently great distance 
they cannot be resolved by the eye and the test field appears as a circular 
form of homogenous brightness. ‘Total brightness of the test field 
remains constant for all sizes of the stimulus bands. 

Visual acuity is determined with this instrument by ascertaining 
the smallest width of stimulus lines that can be resolved by the eye, 
i.e. that permits the test field being perceived as containing distinct lines 
and not being of homogeneous brightness. Visual acuity is measured 
in terms of the angle subtended at the eye by this minimal (threshold) 
width of the stimulus lines. 

A modification of the Yerkes- Watson discrimination apparatus { 17 | 
was used in the training. It consisted of an experimental cage, the 
front wall of which was solid except for two openings, a lower one 
through which the animal could extend its hands to food boxes and a 
small upper one (24 by 44 in.) at the level of the test objects which 
provided a window through which the animal could look at them. A 
single, sliding panel, operated by the experimenter, opened and closed 
both of these openings simultaneously. The relations of the stimulus 


' One of the two instruments used in the present investigation was originally designed 
and constructed by Dr. H. E. Ives of the Bell Telephone Laboratories as a model for Bausch 
and Lomb Company. A duplicate of this instrument was made in the shop of the Physics 
Laboratory of Yale University. The glass gratings were obtained at Max Levy and Company, 
Philadelphia. 
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objects to the food-boxes is shown in fig. 1. The food-boxes (F, F.), 
which were contained in a long box (H), were directly below and in 
front of the two Ives test objects (G, G,), each of which was fastened to 
the front of a light box. The food box was placed at slightly less than 
arm’s length from the animal’s cage. All parts of the apparatus were 
painted a flat black and were located in a room from which all out- 
side light was excluded. Further details of the apparatus, controls of 














Fic. 1.—Showing the relation of the Stimuli to the Food Boxes, F, F, Location of food 
cups; G, G, Ives visual acuity test objects; H, food box; J, sliding panel into which food 


cups fitted. 


secondary cues, and measurement of light sources, are described 
elsewhere [15 

Experimental procedure.—In the preliminary training the animal 
was taught that when the sliding panel was raised it was to look through 
the small window thus exposed and, after observing on which side the 
circular field containing white and black striae was located, to reach 
through the lower opening and obtain food from the food box on the 
corresponding side. If the wrong box was chosen, i.e. the one on the 
side corresponding to the clear test field, the animal received no reward 
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and was required to withdraw its hand and await another trial, usually 
given within thirty to forty-five seconds. The positions of the correct 
and incorrect stimulus fields were varied from left to right according to 
a chance series with the restriction that the same stimulus was never on 
one side more than three times in succession. 

Once the animal had Jearned to discriminate so that it was responding 
without error, i.e. always choosing the stimulus with the lines, deter- 
mination of thresholds for the perception of the lines was begun. 
Beginning with stimulus lines that were readily perceived by the animal, 
the width of the striae was reduced every five trials until the discrim- 
ination broke down. The width of the lines was then increased to a 
value which the animal was well able to discriminate correctly and the 
procedure repeated until reliable thresholds were obtained. ‘The number 
of such series of descents varied with the brightnesses and distances of 
the stimuli. 

In the pre-operative tests the animal was used once or twice daily, 
the number of trials in a given experimental period varying with the 
degree of motivation. Usually the subject worked from 20 to 35 trials, 
occasionally as many as 50. A ten-minute period of dark adaptation 
preceded each experimental series so that when the threshold regions 
were reached the period of darkness adaptation was at least twenty 
minutes. ‘The procedure in post-operative tests was essentially the same 


except that experimentation was limited to one period per day. 


SURGICAL PROCEDURES AND POST-OPERATIVE RECOVERY. 


First operation (May 24. 1938). Extirpation of the left occipital 
lobe Area striata). (Drs. J. F. Fulton, D. G. Marguis and J. W. 
Watts.')—Under fairly deep sodium-amytal anesthesia (20°5 c.c. 10 per 
cent. solution, injected intra-peritoneally) a large, posteriorly situated, 
left-sided bone-flap was turned back, the dura opened, and a cellophane 
tracing and free-hand sketch made of the chief sulci. The extirpation 
was carried out with the Davis-Bovie electro-surgical unit. After first 
coagulating the large blood-vessels surrounding the area, the cortex 
along the occipital sulcus was incised. The remaining part of the dis- 
section was carried out with blunt spatulas, the tissue being removed in 
a single piece. The extirpated block weighed 18 grm. and included all 
tissue posterior to the parieto-occipital sulcus and the entire cerebellar 
surface of the hemisphere up to within about 5 mm. of the corpus 


1 The writers wish to acknowledge the assistance of Drs. C. F. Jacobsen, R. U. Light, 
D. G. Marquis, and J. W. Watts. 
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callosum ; all cortical tissue in the region of the calcarine fissure up to 
the corpus callosum was then sucked away. Subsequent examination of 
the brain by Poliak and Rei Hayashi [14] revealed that the excision of 
the area striata was complete. The dura was reapproximated with silk 
sutures and the bone-flap replaced in the usual manner. 

Post-operative notes.—Same day: Examination about three hours 
after completion of operation showed eyes opened and deviated con- 
jugately to the left. 

First day: The eyes were deviated to the left but were capable of 
extreme deviation to the right. The right pupil seemed slightly 
larger than the left. Gross examination revealed right homonymous 
hemianopsia. 

Second day: The animal moved around her quarters more freely. 
\lthough movements were executed slowly there was no indication of 
motor impairment of the limbs. Eye movements were made with 
facility in all directions and the pupillary response to light was normal. 
Detail vision was apparently good, for the animal was able to see and 
pick up with accuracy small pieces of banana from the floor. 

Third day: An examination of the visual fields revealed a right 
homonymous hemianopsia. When a moving object was passed from 
right to left in the field of vision, the eyes invariably jumped and were 
fixated only when the object had reached the mid-line. The conjugate 
twitching as the object comes into the field of vision was much more 
marked than is the corresponding phenomenon in a human being. The 
pupils were approximately equal and eye movements were in all directions. 
The tendency towards involuntary deviation of the eyes to the left had 
more or less disappeared. Tests of visual acuity were undertaken after 





the seventh post-operative day (see below). 

Second operation (July 7, 1933). Subtotal extirpation of the right 
occipital lobe. (Drs. J. F. Fulton, R. U. Light and D. G. Marquis.)— 
Following a procedure similar to that described in the account of the 
first operation, a partial extirpation of the right occipital lobe was carried 
out. The block of excised tissue included the entire lateral surface and 
posterior portion of the lobe, but none of the medial surface overlying 
the cerebellum. The calcarine fissure was thus left largely intact except 
for the posterior three or four millimetres. Subsequent examination 
of the animal’s brain showed that the area striata was intact along the 
anterior three-fourths of the longitudinal extent of the calcarine fissure. 
Both the area striata and the visual radiation were either absent or 


damaged in the posterior one-fourth. Fig. 2 shows the site of the 
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excision. A more precise statement of the locus and extent of this 
injury as observed at autopsy is given by Poliak and Rei Hayashi [14]. 

Post-operative notes—Same day: There was little activity through- 
out the day and no sign of visual perception. 

First day : There was no evidence of any visual perception, response 
to moving objects or menacing gestures being absent. The pupils 
reacted quite promptly to light, however, and apparently equally well 
to stimulation from all parts of the visual fields. The eyes were sharply 
deviated to the right. 

Second day: There was no response to a well-illuminated banana in 
any part of the field of vision. Pupillary reactions appeared less brisk 





Fic. 2.—Sagittal view of the brain showing the position and extent of the lesion as seen 
at the second operation, 


from the left homonymous side than from the right. Conjugate deviation 
of the eyes to the right was less pronounced. 

Third day: The animal moved around in her quarters more freely, 
but her actions were like those of a blind person. There was no visual 
response other than the pupillary reflex. 

Fifth day: Flashing an ophthalmoscope into various parts of the 
visual field gave one the impression that the subject possibly had some 
awareness of light in the peripheral part of the left homonymous field. 
There was a complete lack of response to the flashing of the light in the 
right homonymous field. When allowed to go into the cage outside of 
the living room for the first time the animal went groping about the 
cage, bumping into various objects such as posts and suspended auto- 
mobile tyres. There was nothing in the behaviour of the animal to 
suggest any useful vision whatever 
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Kighth day: When examined in the brilliant daylight of the outside 
cage the animal showed unequivocal response to objects moved and held 
in the left homonymous visual field. After having eaten several pieces 
of banana she would reach with surprising accuracy for a piece of banana 
moved in the left field at distances as great as two feet from the eyes. 
There was no comparable response when the banana was moved about 
in the right field. In moving about the cage the animal still seemed to 
feel its way about rather than to depend upon optical impressions. 
There was no blinking response to threatening gesture made towards 
the eyes. 

Eleventh day: Occasionally, during the last two or three days, S. 
seemed to follow pieces of food moving in her left visual field. To-day 
a more adequate test was made in which the food was moved across the 
right and left visual fields in random order. Five trials were given on 
each side. SS. responded by reaching for the food each time it was 
presented in the left visual field and not once in the right field. During 
the test no word was spoken or noise made that might have provided it 
with a cue. The blinking response continued to be absent. 

Fourteenth day: The blinking response to gestures made towards 
the eyes was observed for the first time. 

Fifteenth day: The animal blinked and cowered when a pretence 
of striking her was made at a distance of five feet. There was no 
possibility of responding on the basis of auditory stimuli to these threats 
as there were steady masking noises. 

Sixty-eighth day: Observations by Dr. D. G. Marquis at intervals 
throughout the period since operation show a progressive increase in 
visual ability. The animal now responds promptly to food held before 
it, reaching out with either arm and grasping it accurately. The blinking 
response to menacing gestures is very definite in the left field, but 
entirely absent in the right. Objects moved slowly back and forth in 
front of the eyes are followed with jerky movements, but not with 
smooth pursuit movements. The animal is now able to move about 
the cage in apparent normal fashion, climbing on the window ledge and 
swinging from the roof. It never strikes or bumps into objects even on 
its blind field. 

Seventy-third day: Examination by Dr. M. A. Kennard showed no 
vision in the right field, and furthermore that this blind region extended 
somewhat to the left of the mid-line. Left peripheral vision was 


described as surprisingly keen and accurate. 
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Acuity MEASUREMENTS. 


The rough threshold determination employing the psychophysical 
method of limits, in which the size of the stimulus lines is reduced on 
each succeeding trial until the animal fails, was made three days before 
the first operation to insure the intactness of the discrimination habit. 
The value of 0°84 minutes for the test objects at a brightness of 3°98 
millilamberts and at a distance of 75 cm. was almost identical with 
that of 0°85 minutes obtained in the previous extended series of 
observations [15]. 

On the sixth day after the first operation, S. was given five trials 
with stimulus lines that were well above threshold. 8. responded 
readily and accurately on each occasion, looking from one stimulus to 
the other before making her choice. It was observed that the head was 
invariably turned to the right when looking at the test objects imme- 
diately in front of her. There seemed to be little, if any, disturbance 
of the discrimination habit. 

On the ninth day a rough determination of the visual acuity em- 
ploying the method of limits was made. The value obtained was 
0°'995 minutes as compared to 084 minutes obtained by the same 
procedure in the retention test given just prior to operation. After 
this experimental period S. failed to work satisfactorily for almost 
three weeks, usually responding only two or three times on each occasion. 
Apparently food motivation was low since 8. often opened the food box, 
took the food and, after examining it, dropped it on the floor. During 
this time S. was nervous and irritable, and it is possibly of some signi- 
ficance that the genital swelling increased throughout this period and 
reached the maximum on June 20, the day before S$. again worked 
systematically. 

From June 22 to July 6 S. worked excellently and her behaviour 
compared favourably with that of the pre-operative work. One differ- 
ence that did stand out, however, was that S. no longer became angry 
or flew into temper tantrums upon a series of successive failures as had 
occurred in the pre-operative tests. This difference was apparently not 
related to lessened motivation as 8. worked eagerly for the lure, large 
cherries, of which she was especially fond. 

Visual acuity measurements were made ata distance of 75 cm. in 
the regular manner at four brightness values of the test-objects, 14°06, 
3°98, 0°986, and 0°0176 millilamberts. In Tables 14 and 1B pre-operative 
and post-operative data are presented showing the percentage of correct 
responses and the total number of trials given at each size of the 
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stimulus lines for these several brightnesses. It is apparent that the 
ranges of the critical stimulus values of the post-operative period, i.e. 
the points at which the animal responded with an accuracy less than 
100 per cent., overlap those of the pre-operative period. At each 
brightness, however, the accuracy of response decreased more quickly 
in the post-operative tests than in the pre-operative. The threshold 
values, taken as the size of the stimulus line at which the animal 
responded correctly 75 per cent. of the trials, are given in Table II, 
Inspection shows that the thresholds were stightly, but nevertheless 
‘consistently, higher (poorer) at all brightness, in the post-operative 
tests, visual acuity being between 85 and 95 per cent. of pre-operative 
vision. 

Whether this slight loss represents a genuine loss in visual capacity 
or whether it is due to other factors is not clear. The behaviour of 
the animal in the experimental situation after the operation gave no 
ndication that the slightly poorer performance resulted from lessened 
motivation or attentiveness. Once 38. started responding systematically, 
she worked as willingly and carefully as she had pre-operatively. The 
one change in behaviour, the absence of rage and temper tantrums 
ifter repeated failures, was, if anything, more favourable to careful 
work since such emotional outbursts were often followed by a series of 
careless, random responses. ‘This qualitative evidence is further sup- 

ted by the fact that the average time of response was about the 
saine for both periods, the time increasing to about the same point as 
the threshold (75 per cent. accuracy) was approached, and decreasing 
slightly thereafter as more and more random responses were made with 
the inability to discriminate. 

The available evidence suggests, then, that the poorer measures do 
ndicate a genuine but slight loss in efficiency of the visual system. 
This conclusion is further strengthened by the fact that at 3°98 milli- 
lamberts three independent measures of visual acuity, obtained by 
different psychophysical procedures [15], gave highly consistent measures 
of 0°81, 0°84 and 0°85 minutes while two post-operative measures gave 
0°98 minutes and 0°995 minutes. The loss is slight, however, and by 
no means proportional to the amount of the visual system that was 
destroyed. 

No attempt was made to test S.’s visual acuity until the sixteenth 
day after the second operation as there was little evidence before this 
of visual function other than that of light or movement perception. 
She refused to work on this occasion and took food only when it 
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was given through the small opening of the apparatus. Even with the 
room lights on she groped around in blind fashion. 

S. remained unco-operative for several days, even refusing to go 
into the experimental cage. On the twenty-first day, however, she 
worked for twenty trials. The test fields were at a brightness of 
3°98 millilamberts and the stimulus lines in the positive field were fairly 


TABLE Ia.—SHOWING THE PERCENTAGE OF CORRECT RESPONSES AND THE TOTAL NUMBER 
oF TRIALS GIVEN AT Eacu SIze OF THE STIMULUS LINEs. 








Brightness of test objects (millilamberts) 
0 
Visual ang 

n nute 

I a Pos Pre-operativ Post-operative 

Per cent. Number Per cent. Number Per cent, Number Per cent Number 

rrect f trials orrect of trials yrrect of trials correct of trials 
2°141 100-0 20 
1°985 100-0 10 95°0 20 
1‘871 90:0 80 90 O 20 
1°737 86°3 SO 80:0 15 
1°636 88:8 SO 80 0 15 
1°542 75:0 SO 53-0 15 
1°464 70:0 70 
1392 62°5 40 
1°325 53°3 30 
1°265 100-0 15 
1-211 95:0 20 
1-160 S0°U0 20 
1°:114 100°0 30 75:0 20 
1-070 96°7 30 80:0 20 
1-030 917 60 60°0 25 
0-995 91°7 60 
0:961 83°3 60 
0°929 81°0 60 
0-899 67°5 80 
O's7l 63°3 60 
0°845 50°0 20 





large, subtending a visual angle of 13°8 minutes at a distance of 75 cm. 
In twenty trials the animal responded correctly only nine times, indi- 
cating that she was quite unable to discriminate lines of this size. 
Her behaviour, however, suggested that she could at least differentiate 
between the two circular stimulus fields, for in the early trials she 
appeared to look back and forth from one test field to the other before 
making a choice. In the latter part of the period she became restless 
and usually responded immediately after the sliding door was raised 
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without looking in the direction of either stimulus object. However, in 
neither half of the period did S$. make a significantly greater number of 
correct responses than might be expected by chance, i.e. one-half. 


BLE Ip.—SHOWING THE CORRECT RESPONSES AND THE ToTaL NUMBER OF TRIALS 
GIVEN AT EacH SIZE OF THE Stimevus LINEs. 


a 





Brightness of test objects (millilamberts) 
“98 . 14°06 
ALang 
n ites 
Pre-operative Post-operative Pre-operative Post-operative 
Per cent. Number Per cent. Number Per cent. Number Per cent. Number 
trials correct of trials correct of trials correct of trials 
1-160 100-0 20 
1*114 95-0 20 
070 84°0 25 
1°030 100:0 20 8O°0 95 
995 100-0 20 84-0 25 100°0 20 
‘961 93°3 60 60 0 25 100°0 30 
‘929 93:0 70 59-0 10 96°7 60 100.0 10 
899 81°4 70 93°3 60 90°0 10 
871 81°4 70 91°6 60 80°0 10 
845 750 60 90:0 60 50°0 10 
820 70:0 60 80:0 60 
797 62-0 50 86°7 60 
77d 55°O 20 7383 60 
754 71:0 80 
735 56°7 60 
16 50-0 10 
BLE IIl.—SHoOwING THRESHOLDS (VISUAL ANGLE IN MINUTES) FOR THE PRE-OPERATIVE 


AND POST-OPERATIVE PERIODS, 
——————————— 





Brightness of test objects (millilamberts) 
I iti e 
— 
Pre-operative oa ag sua ‘78 *85 "92 1°54 
‘ost-operative 87 98 1:07 1°62 
Pre-oper: a 
operative ‘896 ‘867 “86 95 
Vost-operative 
————— 





VisuAL FIELD DETERMINATIONS. 
Determination of visual field defects in animals is a most difficult 
matter. Attempts were made, however, to discover the effects of the 
operations upon the limits of the visual fields by the method of 
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presenting to the animal in a more or less systematic fashion moving 
pieces of food or other objects in various portions of its visual fields and 
observing the responses of the eyes and the attempts of the animal to 
obtain the food. The crudity of these methods requires, of course, that 
the observations be accepted and interpreted with considerable caution. 

The results of these studies suggest that after unilateral destruction 
of the left striate area there was a right homonymous hemianopsia. 
That this loss in the right fields was complete, including at least a part 
of a macular vision, is suggested by the post-operative note of the third 
day to the effect that the eyes fixated only when the object had reached 
the mid-line. This conclusion receives added support from the observa- 
tion that the animal always turned its head well to the right when 
looking at the test objects. 

The second operation further delimited the fields of vision so that 
only the extreme left peripheral regions, probably corresponding to the 
temporal half-moon |9], remained functional. That there was in all 
probability a central scotoma is suggested by the following observations : 
(1) When objects were moved from the right field to the left no 
response was made until the object reached a point some distance to the 
left of the mid-line ; (2) the animal never picked up objects directly in 
front of it but always turned its head to theside. The very low visual 
acuity test results, i.e. failure to discriminate a pattern of lines 


subtending an angle as large as 15°8 minutes, also support this conclusion. 


DISCUSSION AND INTERPRETATION OF RESULTS. 

The relation of visual acuity to the neurological elements, both 
peripheral and central, is a complex one, about which comparatively 
little is known. However, the studies of Hecht and others [3, 4, 
have presented fairly clear-cut evidence suggesting that visual acuity is 
a function of the density or grain of the elements, rods and cones, in 
the retina. ‘The most important fact in support of this conclusion is 
that visual acuity varies in different parts of the retina according to the 
density of the elements, being greatest in the macular area where there 
are the greatest number of elements per unit area and least in the 
peripheral regions in which the independent elements are less dense. 

It will readily be seen, then, that the effect on visual acuity to be 
expected from the removal or destruction of any part of the visual 
cortical elements will depend upon the nature of the relation of these 
structures to those of the retina. The effects on the fields of vision 
resulting from partial and complete unilateral occipital lobectomies 


2, 0] 
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have led to one conception of this relationship as involving a strict 
anatomical point-to-point projection of the retina upon the visual 
cortex. This view very successfully accounts for the cases of small 
circumscribed scotoma resulting from limited lesions and for the various 
quadrantic and hemianoptic defects resulting from larger partial and 
complete unilateral lesions. 

Objections have been raised, however, to this conception of a 
specific, fixed relationship, particularly in the case of macular vision. 
The critics, while willing to recognize some degree of specific localiza- 
tion, deny that this organization is anything more than a crude one. 
The strict localistic principle does not hold, they claim, for the finer 
internal organization of the macular area. These objections are based 
upon various observations, one of the most important of which is the 
preservation of central vision (macular sparing) that sometimes occurs in 
cases of supposed, complete unilateral damage to the visual cortex. 
Such cases, if really involving a complete unilateral ablation, are truly 
embarrassing for this point of view. They are, on the other hand, 
nicely explained on the basis of a diffuse organization of the macula such 
that the fibres from the various. parts of each macula are distributed in 
a random manner to both visual cortical areas. The ablation of one of 
these areas would result in no particular portion or area of the macule 
becoming functionless but only in a reduction in the density or number 
of the elements throughout each total macula. 

The implication of this latter view for visual acuity measurements 
is obvious. With the reduction in the density of the functional elements, 
which would presumably be decreased about half, as this proportion of 
the macular fibres are estimated to cross in the chiasma, a corresponding 
loss in visual acuity would be expected. This expectation was not 
realized in the present investigation. Further evidence contradicting 
such a view is the fact that there is no macular sparing in cases in which 
the optic tract itself is completely interrupted, thus showing that fibres 
from the temporal halves of the macule do not cross over to the opposite 
hemisphere, at least not by way of the optic chiasma. 

A somewhat different hypothesis that has been put forward to explain 
these cases of macular sparing is that a portion of the visual radiation 
crosses to the striate area of the opposite hemisphere through the 
splenium of the corpus callosum [1, 2, 7, 10, 11, 12,16]. The results 
of the present experiment are not conclusive as regards this hypothesis, 
as the effect on visual acuity of a unilateral occipital lobectomy to be 
expected on the basis of it would depend on several things. First of all, 
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it would be a function of the proportion of the macular fibres that cross 
in the corpus callosum, and it also would depend upon whether the 
decussating fibres provide dual cortical representation, i.e. by a branching 
of the individual fibres from the macular elements, one branch decus- 
sating to the opposite hemisphere and the other continuing to the 
ipsilateral one, or whether there was simply a single cortical element 
corresponding to each macular element. 

If we assume that the proportion of decussating fibres is about half 
and that it is roughly an alternate fibre affair, the effect of complete 
destruction of the left occipital cortex would be as follows: (1) With 
the further assumption that the decussating fibres provide dual cortical 
representation, the density of the grain in the ipsilateral homonymous 
hemi-macule would be decreased by half with an approximately corre- 
sponding decrease in visual acuity. However, the density of the elements 
in the contralateral or right halves of each macule would not be 
decreased and consequently visual acuity measurements would not be 
expected to show any decrease unless confined to the left hemimacule. 

2) On the assumption that the crossed fibres do not provide double 
cortical representation, i.e. that there is no branching of the macular 
fibres, the density of the grain in both halves of each maculze would be 
decreased by half and one would thus expect a corresponding decrease in 
visual acuity. The results of the present experiment are not in harmony 
with the latter variation of the hypothesis. ‘To determine the validity 
of the former, determination of visual acuity for different regions of the 
macule is needed. Such a study would require the co-operation that 
only human subjects can provide. 

The purpose of the second operation was to determine whether 
the macula of the chimpanzee, as Poliak has demonstrated for the 
monkey [13], is projected on the posterior portion of the striate area 
in the region of the occipital pole. In this operation the posterior one- 
fourth, including the entire lateral surface of the right occipital lobe, 
was either damaged or removed. There was thus a complete bilateral 
removal of the supposed macular cortical areas. In such a subject 
central vision should be non-existent. 

The experimental tests of visual acuity and observations of field 
defects tended to confirm this expectation. Visual acuity was consider- 
ably below that to be expected of the macular region for even the lowest 
illuminations, while the visual field tests indicated that vision was present 
only in the extreme peripheral portion of the left field. This latter 
observation is also in agreement with the numerous studies of men, which 
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show that the far periphery of the visual field [9], the temporal half- 
moon or crescent as it is sometimes termed, is projected on the anterior 
part of the area striata along the calcarine fissure, the only portion of 
the lobe left intact by the operation. 


SUMMARY AND CONCLUSIONS. 


This investigation is concerned with the relation of the visual cortical 
areas to visual acuity. An adolescent chimpanzee whose visual acuity 
had been carefully determined by the Ives visual acuity test object over 
an intermediate range of brightness levels was subjected to the following 
operations: (1) Complete extirpation of the left occipital lobe; and 
(2) extirpation of the posterior and lateral portions of the area striata 
of the right hemisphere. 

Subsequent to each operation visual acuity measurements were made 
with the following results :— 

(1) The removal of the entire left area striata resulted in a slight, 
but consistent loss in visual acuity ranging from approximately 5 to 15 
per cent. at four brightness levels. 

(2) Following the second operation, which left the animal with only 
the anterior portion of the right area striata intact, there was complete 
failure to discriminate a pattern sixteen times as large as that discrim- 
inated in the pre-operative tests. 

Rough testing of the visual fields suggested that a right homony- 
mous hemianopia resulted from the first operation, while the second 
spared only the extreme left peripheral fields, i.e. the temporal half- 
moon. This latter result supports the view that the occipital pole of 
the area striata represents the macular projection area and the anterior 
portion of the area striata around the calcarine fissure is the cortical 
terminus of the extreme peripheral retinal elements. 
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THE CEREBRAL REPRESENTATION OF THE RETINA IN 
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THE great strides made during the past twenty years in revealing 
the internal organization of the afferent visual pathway in man and 
other primates are chiefly due to careful experimental and pathologico- 
inatomical investigations. It has been said that the anatomical study 
f the brain in cases of disturbance of the visual fields has lagged behind 
the clinical analysis, but this defect has been remedied in recent years 
by the work of Holmes [4, 5], Brouwer | 1, 2], Pfeifer [8], and others, 
in which the central portions of the visual pathway, the optic radiations 
und the striate area (field 17) have been examined. 

This work, together with the investigations of Rénne [14], of 
Brouwer and Zeeman [3], of Juba[6], and of Le Gros Clark and 
Penman [7] on the composition of the peripheral parts of the visual 
pathway from the retina to the lateral geniculate bodies, and with the 
studies of the central portion of the visual pathway from the lateral 
geniculate bodies to the striate area of the cerebral cortex undertaken 
by one of the present writers | Poljak, 9, 10, 11, 12, 13], and by other 
investigators in recent years, have helped to provide a fairly detailed 
conception of the internal structure of the entire afferent visual system ; 
that is, of the position of the different quadrants and in particular of the 
macula in the optic nerve and tract, in the lateral geniculate body and 
in the striate area. 

The result of all these investigations may be briefly stated as follows : 
The optic nerve-fibres originating in the retinal periphery corresponding 
with the upper and lower quadrants of the retina terminate in the 
medial and lateral segments of the lateral geniculate bodies respectively. 
The optic nerve-fibres originating in the macula terminate in the large 
intermediate segments of the lateral geniculate bodies. The most 
dorsal and the most ventral bundles of the visual radiation originate 


' This work was undertaken with the help of grants from the Douglas Smith Foundation 
and from the Josiah Macey Junior Foundation. 
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in the medial and lateral segments of the lateral geniculate body 
respectively, terminate in the upper and lower lip of the calcarine fissure, 
and correspond with the upper and lower extramacular quadrants of 
the retine respectively. The intermediate bundle of the visual radiation 
originates in the large intermediate segment of the lateral geniculate 
body, is placed between the “ peripheral’’ bundles (has an ‘“ axial ”’ 
position in the radiation), is the longest of all and terminates in the 
posterior portion of the striate area around the tip of the occipital lobe. 
This bundle and its terminal cortex correspond with the homonymous 
halves of both macule. 

As is well known, in the attempts to determine the inner composition 
of the afferent visual system, experiments on monkeys have played a 
conspicuous role. For this reason it was considered of some value to 
report the following case of a chimpanzee operated upon and observed 
during a period of more than five months by Professor J. Fulton, of 
Yale University, who kindly sent its brain to one of us. (This animal, 
under the name of “ Kani,” female, weighing 35 kg., came from 
Professor Yerke’s division of the Yale University where it was used for 
the study of visual acuity.)? 

The following is a brief extract from a protocol of Professor Fulton 
on the operations performed and on the behaviour of the ape :— 

In the first operation a radical extirpation of the entire left occipital lobe, 
including all of the calcarine cortex, was made. On the next day the eyes 
deviated to the left, but were capable of extreme deviation to the right also. 
This tendency to deviate disappeared during the next few days. The right 
pupil was slightly larger, but this difference disappeared on subsequent days. 
The palpebral fissures were equal. There was no nystagmus. On the second 
post-operative day, upon gross examination, there was an obvious and apparently 
complete right homonymous hemianopsia which seemed to disturb the visual 
behaviour of the animal very little. On the third day no vision in the right 
homonymous halves could be detected, the deficit reaching exactly to the 
vertical meridians. This complete right-sided hemianopic blindness remained 
without change until the death of the animal five months and five days later 
(reckoned from the date of the first operation). 

Forty-four days after the first the second operation was undertaken : sub-total 
removal of the right occipital lobe. The purpose of the second experiment was 
to remove the region of the occipital lobe which in man and monkey contains the 
macular representation, viz. the lateral surface of the occipital lobe, leaving 
intact the portion of the calearine fissure coursing along the medial surface of 

1 The results of the physiological examination of the same case are being published in 
a separate paper in this journal by Prof. Fulton and Dr. Spence. After having read the 
manuscript we are glad to acknowledge our satisfaction with the high degree of accuracy 
of their work. 
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the hemisphere. On the first post-operative day, when the animal was at rest, 
there was a tendency toward the deviation of the eyes to the right with a very 
marked nystagmus with slow component to the right, and occasional vertical . 
nystagmus. The various tests applied revealed no sign of visual perception of 
moving objects, or of strong light. No blink-reflex or response to any sort of 
visual stimuli was noticeable, and whenever touched the animal was evidently 
surprised, as would bea normal animal indarkness. On the fifth day, flashing 
an ophthalmoscope into various parts of the visual fields gave the impression 
of a possible awareness of light in the peripheral parts of the left homonymous 
fields, although this was not yet certain. On the eighth day the animal 
showed an unequivocal response to objects moved and held in the left 
homonymous visual fields. After she had eaten one or two pieces of banana 
she reached for a banana held or moved in the left fields at distances as great 
as two feet. There was no comparative response in the right homonymous 
fields. Her accuracy in localizing the objects was surprising, often coming 
within inches and striking the observer’s wrist, for example. There was no 
blinking response to threatening gestures made toward the eyes. In moving 
ibout the cage she seemed to feel her way rather than to depend upon visual 
impressions, but when excited she chased the observer and seemed to be able 
to localize him when there were no obvious auditory cues. Fourteen days 
after the second operation, for the first time, it was possible to observe the 
winking response to gestures made toward the eyes. There was an unmis- 
takable response to movements in the left homonymous visual fields, but not to 
movements in the right fields. No difference between the superior and 
inferior fields (quadrants) could be detected. This situation remained the same 
in all particulars during almost five months after the second operation. Even 
on the day that the animal was sacrificed it still responded only to visual 
stimuli falling in the periphery of the left homonymous fields, without evidence 
of a useful central (foveal, macular) vision. Otherwise, during the observa- 
tion, no pathological signs other than the visual defects were noticed. 


The histological examination of the serial sections stained with 
thionine blue, made by the authors, revealed the following pathological 
changes :— 

In the left cerebral hemisphere there was acomplete absence of the 
striate area of Elliot Smith, i.e., the field 17 of Brodmann. As a conse- 
quence of this it was found that the nerve-cells of the left lateral 
geniculate body were completely degenerated, no trace of normal cells 
being left in any part of the nucleus. There was also marked partial 
degeneration in the pulvinar of the left thalamus due to the partial 
injury of the area peri-para-striata or fields 18-19. The left corpus or 
griseum pregeniculatum was found to be normal. Because of the 
above findings the left hemisphere will not be further considered in the 


following. 
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The right cerebral hemisphere showed a more restricted lesion 
limited chiefly to the tip or pole of the occipital lobe (stippled areas in 
fig. 1. The narrow crudely shaded area indicates the normal striate 
area hidden in the calcarine fissure). The cross-sections through the 
right occipital lobe (fig. 2) revealed a complete absence of that portion 
of the striate area which in the chimpanzee normally spreads over the 
occipital pole to its lateral surface along the external calcarine sulcus 
(the exact limits of the lesion in the drawing A, in fig. 2, are not given, 


but merely the outlines of the actual section; the approximate extent 





Fic. 1.— Right cerebral hemisphere of a chimpanzee showing in the upper figure a lateral 
view, in the lower figure a medial view. Damaged portion of the occipital lobe still present 
is indicated by stippling, the longitudinal extent of the normal striate cortex is indicated by 
coarse shading. The striate area in reality does not appear on the surface of the brain but 
is hidden in the calcarine fissure. (Compare crudely shaded portions of the cortex in fig. 2.) 


of the removed substance can easily be noted). A limb of the lesion 
(stippled) penetrates into the substance of the lobe from below and 
interrupts a considerable portion of the lower or ventral bundles of the 
visual radiation (vr). A similar destruction of a portion of the cortex 
coating the upper lip of the calcarine fissure (fc) can be considered as 
its counterpart. (In the drawing A this portion of the destroyed cortex 
is missing, in the drawing B a small triangular lesion partly under- 
mines the cortex in the upper lip.) ‘The last vestiges of the two 
mentioned lesions—the one in the upper portion of the visual radiation, 
and the other in the lower portion of the radiation—are still visible in 
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the drawing C, in fig. 2, but anteriorly, in the drawing D of the same 
figure, only the normal cortex and the normal visual radiation were 
present. Possibly, the vertical or macular branch of the radiation was 
somewhat atrophic; this, however, was difficult to evaluate owing to 
the method of staining applied (thionine-blue). The approximate 
extent of the normal striate cortex as seen when projected upon the 
inner face of the hemisphere is represented by a narrow, vertically- 
shaded area in the lower drawing in fig. 1, stretching along the 





Fic. 2.—Transverse sections through the right occipital lobe depicted in fig. 1. The 
audal end of the lobe in the drawing A. The normal portions of the striate cortex crudely 
haded, the non-striate rtex lightly shaded, the lesion stippled; fe — calcarine fissure ; 
r visual radiation 


calcarine fissure. In order to evaluate the extent of the damage to the 
visual pathway and to the visual projection cortex it is necessary to 
consider that the cortex in the depth of the calcarine fissure along its 
greater anterior and middle longitudinal extent does not receive its 
afferent visual or any other fibres directly, that is, from the segment of 
the visual radiation apparently nearest to it (which would be the vertical 
branch of the radiation, thus in the drawings B, C, D, in fig. 2), since 
this vertical portion of the radiation is separated from the calcarine 
cortex by the lateral ventricle (visible only in the drawings D and E, in 


fig. 2), or by its vestige, thus forcing the incoming or outgoing fibres to 
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turn around the ventricle either from below or from above in order to 
reach or to leave the ‘ 
macular bundles that pass straight to the tip of the occipital pole, the 
same that in the aggregate form the vertical branch of the radiation.) 
Since in our case there was some damage done to just the two-mentioned 


localities, as illustrated by the two small lesions in the upper and in the 


‘calear avis.’’ (Exceptions are the “ axial” or 


lower segments of the visual radiation (in the drawings B and C, in fig. 2) 


oP ee OS fo 


a3 


a 
- 


Fic. 3.—Serial sections at fairly regular intervals through the entire lateral geniculate 
body of the right side, ipsilateral with the lesion. The caudal end of the nucleus is at the 
drawing A, its rostral beginning at the drawing T. The left sides of the individual drawings 
ure the inner or medial, the right sides of the drawings are the outer or lateral. The normal 
portions of the nucleus are in solid black, the completely degenerated are lightly stippled, the 
atrophic ones are densely stippled. 
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the amount of the striate cortex deprived of afferent fibres is somewhat 
larger than the striate cortex actually destroyed. It is also to be con- 
sidered that the subcortical, direct damage to the lower segment of the 
radiation in the lower lip of the calcarine is somewhat more extensive 
than that to the upper segment in the upper lip of the calcarine fissure. 
In any event it can be said that in our case the anterior portion of the 
striate area and its afferent fibres of the visual radiation remained 
wholely intact. 
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The extent of the complete retrograde degeneration (fig. 3, thinly 
stippled areas) or of the atrophy of the nerve-cells (densely stippled 
areas) in the right lateral geniculate body—the consequence of the 
cortical injury to the afferent nerve-fibres taking origin from the nerve- 
cells of the mentioned nucleus—is illustrated in fig. 3 (normal portions 
black ; the accompanying numbers indicate the sections). The first 
that one notices is that in the sections closer to the caudal end of the 
lateral geniculate body (this end is at A) the degeneration is more 
complete, extending almost over the entire nucleus, not sparing even 
the large cells of the ventral layers. Only the tip of its lateral segment 
preserved a nest of approximately normal large nerve-cells. As one 
proceeds toward the middle of the longitudinal extent of the nucleus 
(middle column in fig. 3), the degeneration, while still occupying the bulk 
of the nucleus, becomes gradually narrowed by the increasing medial and 
lateral zones where the cells appear normal or only more or less atrophic. 
These normal zones occupy chiefly the two outward segments, the 
innermost or the medial, and the outermost of the lateral (left and 
right, respectively, in the individual drawings, in fig. 3), both zones or 
segments being barely connected with one another by means of a narrow 
zone spreading along the lower or ventral contour of the nucleus. In 
sections corresponding with the anterior or rostral one-third of the 
geniculate body (right column in fig. 3) this more or less normally 
appearing strip increases somewhat in thickness, although even in the 
most anterior sections of the nucleus (close to T in the right column, 
fig. 3) a narrow strip that touches the ventral contour remains where 
the nerve-cells do not appear quite normal. On the other hand, in 
the oral one-third of the nucleus the relative sizes of the normal 
segments increases until near its anterior end almost the entire nucleus 
appears to contain normal nerve-cells. 

In trying to correlate the size and location of the lesion in the right 
occipital lobe with the size and location of the retrograde cell- 
degeneration of the lateral geniculate body of the right side we are at 
some disadvantage because the exact projection of the various peripheral 
and macular quadrants of the retina upon the lateral geniculate body in 
the chimpanzee is not known. Yet we think that a certain comparison 
with the geniculate projection in man and in lower monkeys known from 
the investigations of Rénne, Juba, Brouwer-Zeeman and Le Gros Clark- 
Penman is permissible, at least as an approximation. From this we 
conclude that in the champanzee, too, the macular portions of both 
retine are projected upon the large intermediate segment placed more 
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toward the caudal end of the lateral geniculate, while the upper and 
lower extramacular quadrants are represented in the medial and lateral 
segment, of the same nucleus respectively. If this be correct—as it is 
very likely—then the portion of the lateral geniculate nucleus degenerated 
in our case corresponds chiefly with the hemimacule, the portions 
remaining normal correspond with the extramacular portions of the 
homonymous hemiretine including the monocular crescent. This in 
turn leads to the conclusion that the anterior portion of the striate area 
which lines the posterior and larger portion of the calcarine fissure— 
which in our ape remained largely intact (crudely shaded narrow area 
in fig. 1)—corresponds also with the extramacular portions of the retine, 
or of the visual fields respectively, whereas the portion of the striate area 
covering the tip of the occipital lobe and spreading over its postero- 
lateral face, removed in our case, is the portion where the hemimacule, 
respectively the centres of the visual fields, are represented. 

This all fits very well with the character of the observed defect of 
the fields of vision, where the central portions were absent on the left 
side during the life of the animal, which extended over almost five 
months after the second operation. This, too, is in perfect accord 
with those numerous observations of the human cases which have 
led to the conviction that the macular representation is near the tip 
of the occipital lobe, in the caudal portion of the striate area. True, 
the absence of an exact perimetric study of the functional loss in our 
case, and the fact that the extent of the macular territory in the 
lateral geniculate body is not known in the apes and was here merely 
conjectured from the analogy with the human conditions { Rénne, 
Juba} permits only an approximation. Nevertheless, our case shows 
that the assumption made earlier and again in recent times, viz., that 
the macula may partly be represented in the anterior portion of the 
striate area, or that the macula is diffusely represented, is ill-founded. 
The large size of the degenerated segment of the lateral geniculate 


body, ample enough for the entire macula, even if its size is generously 


measured, tells against the above assumption. (In fact, we suspect 
that considerably more than the macular cortex proper was eliminated 
in our experiment.) At least it appears that the anterior portion of 


the striate area, which in our case remained intact, is in no way directly 
connected with central or macular vision. On the other hand, for the 
problem of quadrantic representation there is little of value in the 
present case. Perhaps the smaller size of the inner or medial segment 
of the lateral geniculate body that remained normal (left ends of the 
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drawings in fig. 3) in comparison with the lateral segments (right ends 
of the drawings in fig. 3) is due to the larger lesion that interrupts the 
upper portion of the visual radiation and the upper lip of the calcarine 
fissure (thus in the drawings A, B in fig. 2) if compared with the smaller 
lesion damaging the lower lip of the calcarine fissure (small stippled 
areas in B and C, in fig. 2). This, too, would conform to the generally 
accepted schema according to which the upper quadrants of the retine 
(lower quadrants of the visual fields) are represented in the upper lip 
of the calcarine fissure and in the upper or dorsal bundles of the 
visual radiation; the lower quadrants of the retine (upper quadrants 
of the visual fields), on the contrary, in the lower lip of the calcarine 
fissure and in the lower bundles of the radiation. 

Finally, the completeness of the degeneration of the nerve-cells in the 
intermediate segment of the lateral geniculate nucleus does away with 
the assumption that any number of the nerve-cells composing the lateral 
geniculate nucleus may be the so-called intercalated or associational 
elements, cells with a short axis cylinder of the Golgi type I]. The 
same fact is also inconsistent with the view that some of the geniculate 
cells, especially the large ones, may send their axis cylinders to the 
superior colliculi or elsewhere and not to the cortex. It is more 
plausible that, since all geniculate cells—including the large ones in 
the ventral layers of the nucleus—completely disappear in consequence 
of the lesion to the occipital lobe, all of them give rise to axis cylinders 
which terminate in the striate area. 

The fact that the circumscribed lesion of the caudal end of the 
striate area produces a sharply delimited degeneration in the interme- 
diate or macular segment of the lateral geniculate body once more 
disproves Monakow’s concept still adhered to by some, viz., that the 
macular fibres of the visual radiation spread over the entire territory 
of the striate area. Our case shows that the macular fibres have a 
well delimited area in the cerebral cortex, the posterior portion of the 
striate area, beyond which they do not reach. This concept is based 
chiefly upon numerous observations of central scotomata of restricted 
size, and it is also in full agreement with the results of the experiments 
upon the macular cortex (P. ’33) and of the study of the minute 
structure of the retina in Primates (P. ’35), both of which show that 
it is just the macula and the macular portion of the entire afferent 
visual system where the “ projection”’ of the retina is most elaborate, 
where the size of its composing elemental structural-functional units 
is the smallest, where their number is the greatest, and where their 
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separation from one another is farthest advanced or is most complete. 
In conclusion, let us call attention to the surprisingly large degree of 
visual function which was preserved in our ape although only a fraction 
of its total nervous-visual mechanism was left intact. 
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THE PITUITARY-HYPOTHALAMIC MECHANISM: 
EXPERIMENTAL OCCLUSION OF THE PITUITARY 
STALK. 
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(From the Laboratory of Physiology, Yale University School of Medicine.) 


INTRODUCTION. 

TuIs work is directed towards an elucidation of the réle played by 
the hypophyseal stalk in linking the activities of the pituitary body and 
hypothalamus. The pituitary stalk has previously been regarded as a 
pathway for the secretion of the pars intermedia to the pars nervosa 
and base of diencephalon, and secondly as a possible mediator of nerve 
impulses from the hypothalamus to the pituitary body. It was believed 
that there existed a reciprocal interaction between certain of the hypo- 
thalamic nuclei and the pituitary gland and this has given rise to the 
conception of a pituitary-hypothalamic mechanism. 

In the past experimental diabetes insipidus has been produced both 
by hypophysectomy (Vassale and Sacchi [31], Crowe, Cushing and 
Homans [8], and Richter [26]), and by isolated lesions of the hypo- 
thalamic nuclei (Aschner [1]), Camus and Roussy [7], Houssay [16], 
Bailey and Bremer [2}, Bourquin [5 and 6]). The evidence has been 
reviewed extensively by Lhermitte [20], Roussy and Mosinger [27], 
Leschke [19], Staemmler [28] and Biggart [4], and appears equally in 
favour of the hypophysial and of the hypothalamic origin. With the 
vradual acceptance of the neural and vascular connections, an attempt 
has been made to bring together the two conflicting views. Thus 
Fisher, Ingram and Ranson | 12] have recently brought forward evidence 
to show that in cats, injury of the tuber cinereum, causing bilateral 
destruction of the supra-optic-hypophyseal tract, results in atrophy of 
the supra-optic nuclei, atrophy of the posterior lobe, and a permanent 
upset in the water balance. They concluded that damage to this neural 
connection at any of three points, namely the nucleus, the fibre tract 
or the posterior lobe will produce experimental diabetes insipidus. 

The results presented in this communication were obtained by 
complete obstruction of all pathways both for secretion and for nerve 
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impulses between the pituitary body and the hypothalamus. The 
physiological findings show a striking difference in dogs and monkeys 
following the same procedure and there is a structural variation in the 
two species which accounts for this difference. The results show that 
the view put forward by Fisher, Ingram and Ranson for the cat is not 
applicable to the monkey and may therefore not be tenable in man. 


PREVIOUS WORK ON OCCLUSION OF THE PITUITARY STALK. 

Physiological studies following experimental division or occlusion of 
the pituitary stalk are few. ‘Towards the end of his important mono- 
graph ‘“‘ L’Hypophyse du Cerveau,’” Paulesco |23]| in 1908 reported 
briefly the results of experiments on six dogs in which the pituitary 
stalk had been divided and the gland left intact in the sella turcica. 
He concluded that such a procedure was equivalent to a total or nearly 
total hypophysectomy. In one of these animals, which succumbed 
within twenty hours following operation, the pituitary body was found 
turgid, hemorrhagic and the eells in process of degeneration. Two 
others died within twenty hours of the operation, the remaining three 
living six, eighteen, and twenty-four days respectively. Except for 
brief mention of an immediate post-operative sleepy state and the 
absence of glycosuria in one of the series, no details were given of the 
post-operative course or post-mortem findings in these animals. 

Crowe, Cushing and Homans [8] made an extensive study of experi- 
mental hypophysectomy in 1910 and reported five more dogs in which 
the pituitary stalk was divided. Two of these succumbed with all the 
symptoms of *‘ cachexia hypophysiopriva,” one on the tenth day and one 
after twenty-four days. Another animal was successfully tided over a 
period of threatened ‘“‘cachexia hypophysiopriva’’ by injections of 
“ anterior lobe extract,’ and lived five months, gradually increasing in 
weight but in all other respects apparently normal. The other two 
animals showed no tendency towards development of cachectic symptoms 
and were sacrificed on the twelfth and twenty-eighth post-operative 
days respectively, for histological purposes. In all cases marked 
degenerative and atrophic changes were found in the pituitary, most 
marked in the pars distalis, but in three animals which did not succumb 
to cachectic symptoms and which were ultimately sacrificed, persistent 
areas of normal-appearing epithelial cells were seen. The pars nervosa 
was usually more normal in size and was invaded by cells of the pars 
intermedia. There was an overabundance of hyaline throughout the 


pars nervosa and many colloid cysts in its epithelial investment. They 
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interpreted their findings, so far as the pars distalis was concerned, as 
being due to interference with its major blood supply along the infundi- 
bular stalk. ‘‘ The resultant condition . . . is almost the same as if 
this portion of the gland had actually been removed and then re- 
implanted like a graft, for the circulation is almost entirely cut off.” 
In so far as the histological appearances of the pars nervosa were 
strongly suggestive of a damming back of colloid material, the experi- 
mental data of Crowe, Cushing and Homans appeared to fit in with 
the conception of secretion originating in the pars intermedia and 
passing through the pars nervosa and infundibular stalk to the base of 
the third ventricle. 

Following these earlier studies on pituitary stalk section, Cushing 
and Goetsch [9, 10] adopted the method of placing a silver clip around 
the pituitary stalk, completely occluding any passage through it by 
tight compression. This was again carried out on dogs. Two out of 
the three animals subjected by them to this procedure showed post- 


operative glycosuria. In another, an extreme degree of polyuria 
persisted for a month. Histologically, the pituitary body showed the 


same appearances as had been described by Crowe, Cushing and Homans. 
The pars nervosa was found very cellular with a great increase of 
hyaline in the tissue spaces. 

Karplus and Kriedl {17] were the first to separate the pituitary body 
from the hypothalamus in monkeys. Two animals lived several weeks 
without any obvious disturbances. The histological findings were not 
recorded. In 1911, Morawski [22] divided the pituitary stalk in six 
more monkeys. ‘T'wo died within the first day, and of the remaining 
four which lived from six days to two months, no symptoms were noted. 
\t post-mortem examination of these four animals, the pituitary body 
was reduced in size, the pars distalis being relatively larger and the pars 
nervosa smaller than normal. No histological changes were observed in 
the pars distalis but the pars nervosa showed increased cellularity. He 
compared his results with those of Biedl! who had found in dogs that 
division of the stalk was as rapidly fatal as hypophysectomy and 
ittributed the untoward experiences with dogs to an involvement of 
the third ventricle. 

Later Bell [3 reported experiments on three dogs. The stalk was 
compressed in one and divided in two animals. They survived three to 
four months, all showing adiposity and, in two cases, genital dystrophy 
and somnolence in addition. Histological examination showed the cells 


of the pars distalis atrophied and widely separated. Dott [11] in 1923, 
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repeated the experiment of division of the stalk, introducing a minute 
platinum plate between the pituitary body and the tuber cinereum in 
order to ensure the permanent deprivation of the main blood supply of 
the pars distalis. This procedure was carried out on threedogs. In all 
cases the characteristic syndrome ensued, viz., lethargy and adiposity, 
retardation of growth, lowering of temperature and degenerative changes 
in the thyroid and genital glands. All these symptoms could be attri- 
buted to the lack of an adequate blood supply. In addition Dott noticed 
a severe polyuria most marked during the first twenty-four to forty- 
eight hours. This he considered dependent upon an irritative stimulus 
to the pars intermedia by the presence of a foreign body. 

In the Cameron lectures (1926), Cushing |10, b| reported some 
further experiments carried out in his laboratory by Maddock. 
Occlusion of the pituitary stalk by a clip resulted in a post-operative 
polyuria prolonged in character and a tendency to adiposity. The 
histological changes were the same as those previously reported in the 
paper by Crowe, Cushing and Homans. 


METHOD. 


The present study was carried out upon twenty dogs and twenty monkeys 
(Macaca mulatta). The ages of the dogs ranged from 6 weeks to 2 years and of the 
monkeys from 2 to 4 years. They lived in the laboratory in large metabolism 
cages for two to four weeks before any operative procedure was undertaken. 
Daily measurements were made of the fluid intake and urinary output. No 
direct estimation of fluids lost by way of intestines, skin and lungs was made 
but the © insensible loss’ was calculated by computing the difference between 
the fluid intake and the urinary output. Diets were kept constant throughout 
the experiment. The basal metabolic rate, the blood-sugar content and the 
nitrogen and base constituents of the urine were estimated in the monkeys 
both before and after operation. This was carried out with the collaboration of 
Dr. N. Rakieten and Dr. M. B. Rheinberger to whom we are indebted. 

Operative procedures.—All operations were carried out under sodium amytal 
anzsthesia given intraperitoneally, 0°5 to 0°6 c.c. of a 10 per cent. solution per 
kilogram of body-weight. In the monkeys the procedure was as follows 

A large frontal parietal bone flap extending.over the mid-sagittal line was 
turned down and more room was obtained by enlarging the bony opening deep 
into the temporal region. The dura was incised in curvilinear fashion parallel 
to the inferior line of the bone defect and the temporal lobe was carefully 
elevated. This brought into view the para-pituitary structures of which the 
oculomotor nerve and the internal carotid artery were the most prominent. 
Between these, the infundibulum could be clearly seen and a silver clip was 
applied to the pituitary stalk as far distally from the tuber cinereum as possible, 


and closed tightly. In three cases, the stalk was divided immediately below 
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the site of the clip. The minute anatomy of the region varied and in some 
instances the exposure was improved by gentle retraction of the internal carotid 
artery forwards. For closure, the bone flap was replaced and the subcutaneous 
tissues approximated in two layers with interrupted silk sutures. The skin was 
secured with a continuous subcuticular suture of silk. 

In dogs the exposure of the pituitary stalk was also carriéd out by the sub- 
temporal approach after the zygoma and the temporo-parietal bones were 
removed on one side. The temporal muscle was employed so as to take the 
place of a bone flapin the closure. Within twelve hours the animals recovered 
sufficiently from amytal anesthesia to begin drinking. During the preceding 
period of unconsciousness, the dogs passed considerable quantities of urine. 

Thyroidectomies were performed in some of the dogs through a midline 
skin incision and care was taken to leave the parathyroid glands intact. The 
excised tissue was in all instances verified histologically. On no occasion was 
there any manifestation of tetany. The animals were surprisingly active after 
thyroidectomy and showed no gross signs of thyroid deprivation. There was, 
however, a remarkable and progressive loss of weight after removal of the 
thyroid. 

Histological studies.—The animals were sacrificed at varying periods from 
three days to ten months after operation. Complete post-mortem examinations 
were performed onall animals. In half the cases, the tissues were fixed in situ 
by perfusion of 10 per cent. formol solution and the pituitary bodies were 
sectioned serially, some in the horizontal and others in the sagittal plane and 
stained with hematoxylin and eosin and Mann’s stain. In those cases in 
which the tissues were not fixed by perfusion with formol, the hypothalamus 
was fixed in 95 per cent. alcohol and stained by the Nissl method. 

Serial sections of the pituitary bodies and hypothalamus in normal monkeys 
and dogs were treated in a similar manner and served as controls for the 
histological studies. 


RESULTS. 
(1) Metabolic Studies. 


Monkeys.—Occlusion of the pituitary stalk in monkeys did not result 
in polyuria or polydipsia. The average daily fluid intake and urinary 
output which before operation varied between 100 c.c. and 200 c.c. 
remained constantly at this level after operation. In two animals a 
puncture was made in the tuber cinereum two weeks after the pituitary 
stalk had been obstructed. In these instances the total daily intake and 
output rose to 500 c.c. on the first post-operative day, to 900 c.c. on the 
second post-operative day. It remained at.this level for three days and 
then dropped rapidly to normal. 

There was no significant alteration of the basal metabolic rate, the 
blood-sugar level, or the nitrogen and base constituents of the urine 
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following occlusion of the pituitary stalk. The respiratory quotient 
which averaged 0°75 before operation remained constant. Blood-sugar 
readings ranged between 80 mgm. and 120 mgm. per cent. both before 
and after operation. The monkeys appeared in perfect health and 
showed no gross change in body-weight, character of hair, or general 
activity. 

Dogs.—In dogs, occlusion of the pituitary stalk with a silver clip 
was invariably followed by extreme polyuria and polydipsia, which 
persisted for several weeks. In a previous communication |21] it has 
been shown that this effect is abolished by subsequent total thyroid- 
ectomy and can be re-established by oral administration of desiccated 
whole thyroid gland. Alternate states of extreme polyuria and oliguria 
could thus be produced at will. Total thyroidectomy had no demon- 
strable effect upon the daily fluid intake and output of the normal dog. 
In dogs with intact pituitary stalk, thyroid feeding had a mild diuretic 
action, which was, however, in no way comparable to the extreme 
polyuria and polydipsia produced by administration of thyroid gland 
after occlusion of the pituitary stalk. There appeared to be a severe 
imbalance in the water metabolism of the tissues apart from the renal 
mechanism in these experiments. 

In order to study the effects of occlusion of the pituitary stalk in 
immature animals, puppies 6 to 7 weeks old were utilized. The pro- 
cedure was followed by the usual diabetes insipidus, but in addition 
there occurred marked retardation of growth, sexual infantilism and 
subsequently extreme adiposity. This is illustrated in the following 


protocol :— 


From a litter of mongrel puppies born in the laboratory, two females were 
chosen which, after seven weeks were approximately of equal size and weighed 
2°7 kgm. and 2°9 kgm. respectively. For the week prior to operation, the 
average fluid intake for each animal was 400 c.c. daily and the average urinary 
output 150 c.c. On August 20, 1934, the pituitary stalk of one animal was 
occluded by means of a silver clip. The other puppy was kept under identical 
dietary and living conditions as a control. Immediately following operation, 
the fluid intake rose to 2,200 c.c. daily and remained at a level of 1,600 c.c. for 
two weeks. It gradually decreased so that after five weeks it ran parallel with 
the control. The urinary output likewise increased directly after the operation 
to 1,500 c.c. and averaged about 1,200 c.c. daily for two weeks, falling gradually 
to the control level, so that after five weeks there was no further evidence of 
diabetes insipidus. 

Although during the first ten weeks after operation there was no perceptible 
difference in the rate of growth of the two animals and the body-weights were 
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approximately the same, five months after operation there was a marked dis- 
proportion in size and weight. The control litter mate weighed 10°8 kgm. 
The operated animal was considerably dwarfed in comparison and weighed 
only 6°4 kgm. It showed a slight tendency to adiposity and its coat was 
longer and of finer texture than that of its sister. Its head was small and 
the expression placid and mature and the animal showed none of the playful 
activity of the other puppy. From this time it became very markedly adipose 
and, though remaining dwarfed, gradually approached the body-weight of the 
control. Ten months after operation it weighed 12 kgm. while the control 
weighed 12°7 kgm. (fig. 1). On June 5, 1935, both animals were sacrificed for 





Fic. 1.--Littermate female puppies aged 12 months, to show dwarfism and adiposity ten 
months after occlusion of the pituitary stalk. Control animal on left. 


histological purposes. There were no abnormal findings in the control dog 
In the litter mate which had been operated upon, the most striking features 
apart from the changes in the pituitary body were the degree of adiposity and 
the genital infantilism. The subcutaneous fat, for instance, even over the 
sternum, measured 2°5 cm. in thickness. There was extreme hypoplasia of the 
uterus, vagina and ovaries. 

Horizontal serial sections of the pituitary body showed disorganization of 
structure of the glandular part with marked decrease in the vascularity. On 
close examination the cells showed no granular formation in the cytoplasm. 
The cell outlines in many parts appeared to fuse. This glandular tissue with 
in incomplete lining of ciliated epithelium constituted the wall of a large 
central cavity. There were many small cysts of the same nature lying 
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peripheral to the central cyst within which lay fragments of degenerated cells 
which had lost their nuclei. The pars nervosa appeared normal according to 
all criteria. 

(2) Histological Studies. 


In the monkey the pituitary body showed no real change in size or 
in the cyto-architecture of the glandular elements (fig. 2.) The 
vascularity of the pars distalis and pars tuberalis was unimpaired as 
seen in carmine gelatine preparations after the pituitary stalk had been 
clipped. The pars nervosa was not altered in size and was normal in 
appearance except for some increased cellularity which varied from case 
to case. The demonstrable colloid content did not vary appreciably 
from the normal. 





Fig. 2.—Horizontal section of primate pituitary body, two and a half months after occlusion 
of the pituitary stalk. No demonstrable alteration from the normal. (Mag. x 25.) 


In dogs in which the pituitary stalk had been clipped there was an 
astonishing appearance for comparison (fig. 3). The pituitary body 
was not the normal pink round structure, but a flattened buff-coloured 
organ which was very friable and when ruptured, discharged a drop of 
oily brown fluid leaving a collapsed cystic shell. Microscopically, the 
wall of the cyst consisted of necrotic cells of the pars distalis, islets of 
cells remaining visible near the periphery where the blood supply 
appeared to be adequate. The carmine gelatine preparations showed 
almost complete avascularity of the tissues except in the peripheral 
parts where small blood-vessels were to be seen. The cysts had in part 
epithelial linings which were ciliated in some instances. The contents 
of he cyst appeared microscopically to be composed of débris and 
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degenerated cells. In some cases no pars nervosa tissue could be recog- 
nized, while in others portions of the pars nervosa were found and, 
apart from some increased cellularity, showed no appreciable difference 
from the control. As in the monkey, there was no increase in colloid- 
like material in the glandular or nervous portions of the pituitary 
body. 

The histological changes in the hypothalamus after occlusion of the 
pituitary stalk were similar in the dog and the monkey. The nuclei of 
the cells of the supra-optic and paraventricular nuclei showed the 
characteristic eccentricity, but not the shrinkage and hyperchromatosis 
diagnostic of retrograde cell change. The cytoplasm was pale with 
chromatin granules gathered at the periphery. Such an appearance, 





Fic. 3. —Section of canine pituitary body three months after occlusion of the pituitary stalk. 
Extensive degenerative changes. (Mag. x 25.) 


however, is frequently seen in the normal. Interspersed among the 
neurones were a larger number than usual of glial cells, often found in 
clusters surrounding the ganglion cells. Some of the latter appeared as 
merely shadowy forms, suggestive of degeneration. No demonstrable 
changes were observed in the tuberal or mammillary nuclei. 


DISCUSSION. 

Experimental occlusion of the pituitary stalk as carried out in the 
present investigation accomplishes the complete obstruction to: (a) the 
pathway of secretion from the pituitary body to the hypothalamus along 
the stalk, either through the tissue spaces of the nervous portion or by 
way of the suggested portal circulation in the glandular part; (b) the 
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transmission of impulses along the nerve connections in the stalk; and 
(c) the blood supply of the pituitary stalk reaching it along or in the 
stalk. 

In the above experiments, occlusion of the pituitary stalk in the 
monkey resulted in no clear physiological evidence of failure of the 
pituitary hormones to reach the general circulation. This, together 
with the complete absence of any histological changes in the pituitary 
body in this animal is indicative that in the monkey at least, the passage 
of secretion along the stalk, if any, is not of great significance. This 
does not disprove the theory that the pituitary principle acts on hypo- 
thalamic centres, for it may still do so by means of the general 
circulation. 

The existence of a bundle of unmyelinated fibres from the supra-optic 
and tuberal nuclei along the stalk into the pars nervosa seems to be 
fairly well established from the work of Ramon-y-Cajal [25], Hoenig [15}, 
Tello [29], Trautmann [30], Pines [24], and Greving [14]. This 
tract is not well developed in the monkey. The fine thread-like nature 
of the stalk and the sparseness of nerve fibres passing along it do not 
suggest any striking neural connections between the pituitary body and 
hypothalamus. That such a tract activates the pars intermedia is still 
doubtful, and evidence in support of this view is lacking. The recent 
work of Karplus and Peczenik [18] is not wholly conclusive. After 
division of the pituitary stalk there are cellular changes in the supra- 
optic and paraventricular nuclei in some instances, but the changes 
consisting of pallor of some of the cells with a slight glial reaction 
around others, are difficult to interpret, for eccentricity of the nucleus 
and chromatolysis are no criteria of axonal division in the supra-optic 
and paraventricular nuclei. 

In the present investigation the rich vascularity of the glandular 
portion in the monkey following occlusion of the stalk contrasted 
markedly with the almost complete avascularity and extensive necrotic 
changes of the corresponding part in the dog following this procedure. 
It is clear from these studies that clipping of the stalk occludes the 
major blood supply to the pituitary body in the dog and does not do so 
in the monkey. This accounts adequately for the retardation of growth 
and sexual infantilism observed in puppies and is in accordance with 
the view of Paulesco and Crowe, Cushing and Homans who described 
division or occlusion of the pituitary stalk in the dog as equivalent toa 
“complete or almost complete ’’ hypophysectomy. 

The reason for the difference in response of the water metabolism 
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in the dog and monkey is not as clear. The results can be explained 
in one of two ways. The diabetes insipidus might be attributed to a 
lack of antidiuretic principle owing to degeneration of the pituitary of 
the dog. Such a view would be in accordance with all the histological 
findings in the present study. Hypophysectomy, however, has not been 
followed by diabetes insipidus in either the dog or the monkey, and in 
the latter, in the experience of the authors, hypothalamic lesions a/ter 
previous hypophysectomy have resulted in severe upset of the water 
metabolism. Similarly, in the dog after bypophysectomy, Camus and 





Fic. 4.—Coronal section of hypothalamus and proximal part of pituitary stalk in the 
monkey to show the pars tuberalis imbedded in the substance of the tuber cinereum. 
(Mag 100.) 


Roussy have produced diabetes insipidus by a small lesion in the tuber 
cinereum. If, as Richter maintains, the essential and only factor 
necessary for the production of diabetes insipidus is a lesion severing the 
connection between the “ posterior lobe’’ and the nuclei of the brain 
stem, provided that some *‘ anterior lobe ” tissue remains, then there is 
no clear explanation why the secondary lesion in the tuber cinereum 
after a previous hypophysectomy should be followed by polyuria. The 
fact that, in the monkey at least, the pars tuberalis spreads out under 
the tuber cinereum and is actually imbedded in the substance of this 
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part of the hypothalamus (fig. 4) is of great importance in this problem, 
for acomplete hypophysectomy (including the pars tuberalis) is obviously 
impossible without destruction of the tuber cinereum. In view of this 





Fic. 5.—Sagittal section of canine pituitary-hypothalamic block injected with carmine 
gelatine mass, showing the short thick pituitary stalk containing direct prolongation of the 
third ventricle. (Mag. x 17.) 





\ “ - 
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Fic. 6.—Sagittal section of the pituitary-hypothalamic block of the monkey injected 
with carmine gelatine mass, showing the long thread-like nature of the pituitary stalk. 
The third ventricle does not extend beyond the tuber cinereum. (Mag. x 25.) 


fact the clear distinction drawn between hypophysectomy and a strictly 
hypothalamic lesion by earlier workers in this field is not feasible and 
many of their conclusions cannot therefore be accepted as absolute. 

The second explanation which might be offered for the extraordinary 
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difference in the behaviour of the fluid exchange in the dog and the 
monkey is injury to hypothalamic centres. There is an important 
anatomical difference in this region in the two species. In the dog the 
pituitary stalk is short, thick, and contains a direct prolongation of the 
third ventricle, so that in this animal the stalk and tuber cinereum are 
identical (fig. 5). In the monkey, on the other hand, the stalk is com- 
paratively a long thread-like band connecting the clearly differentiated 
tuber with the pituitary body, and the relations are such that it is 
possible to place a silver clip around the stalk without injuring the 
adjacent structures (fig. 6). Furthermore, in this animal, the third 
ventricle ends in the tuber cinereum proper and does not extend into 
the stalk. In the dog, therefore, the lower hypothalamic centres are 
damaged somewhat by the silver clip and are certainly not involved in 
the monkey. Such an explanation would appear to fit all the known 
facts, although it still leaves unexplained the anti-diuretic action of 
pituitrin on experimental diabetes insipidus. 


SUMMARY. 


1. Complete obstruction to the passage of secretion and nerve 
impulses between the pituitary body and hypothalamus was accomplished 
by the application of a silver clip to the pituitary stalk in the dog and 
the monkey. 

A striking difference was subsequently observed in the two species. 

2. Whereas in the dog there followed a state of diabetes insipidus 
which was abolished by thyroidectomy and re-established by oral 
administration of thyroid gland, no polyuria or polydipsia occurred in 
the monkey. The hypothesis of Fisher, Ingram and Ranson is 
therefore not applicable to the latter animal. 

3. The basal metabolic rate, the blood-sugar level and the nitrogen 
and base constituents of ‘the urine were unaltered in the monkeys. 

1. Metabolic changes were manifested in puppies by retardation of 
growth, sexual infantilism, adiposity, refinement of hair and sluggish 
general behaviour. 

5. The canine pituitary showed marked degenerative changes due to 
interference in the major blood supply as revealed by carmine gelatine 
preparations. No comparable changes either in vascularity or in 
cyto-architecture were demonstrable in the primate pituitary. 

6. There is an important anatomical difference in the pituitary 
stalk and in the downward extension of the third ventricle in the two 


species. 
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7. It is concluded that in the monkey obstruction of the pituitary 


stalk does not interfere with the nourishment of the pituitary body or 
with discharge of the pituitary hormones into the general circulation. 

8. The metabolic responses in the dog have been attributed in the 
past either to a pituitary or to a hypothalamic disturbance, but the 
inseparable anatomical arrangement of the _pituitary-hypothalamic 
complex does not warrant such a clear distinction on experimental 
grounds. In the monkey the evidence supports the hypothalamic 


origin of diabetes insipidus. 
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From ti De rt tof Neuropathol , Ne York State Psychiatric Institute and 
Hospital, New York, N.Y. 
I.—INTRODUCTION. 


As a sequel to the findings which we have reported in this Journal 
1,2] on the effects of section of the dorsal columns and the restiform 
body, we are now presenting a report of the effects of lesions of the 
gracile and cuneate nuclei as the next step in an analysis of sensory 


and cerebellar pathways. 


II.— REVIEW OF THE LITERATURE. 


There are relatively few reports of experiments dealing with the 
effects of lesions of the gracile and cuneate nuclei. Bechterew (1890) [3 } 
noted a severe disturbance of equilibrium in a few dogs in which he 
made wounds in these nuclei. The dogs showed lateropulsion with 
falling. The disturbance was greater when the animals were blind- 
folded. No sensory abnormalities were described. 

Ferrier and Turner (1894) [4] described the behaviour of monkeys 
in which they destroyed both gracile and cuneate nuclei. When the 
nucleus gracilis or clavate nucleus of one side was destroyed the animal 
showed a tendency to fall backward to either side; there was consider- 
able swaying on exertion, and in walking the limb movements were 
slightly sprawling. The head was retracted and the chin was turned 
to the side of the removal. The knee-jerks were active and equal. 
Examination revealed complete retention of the sensibility to touch, pain 


and localization. One week after operation the animal was reported as 


being difficult to distinguish from a normal monkey. It jumped and 
climbed readily Histological controls of the lesions were described. 


F’. W. Mott (1895) |5| reported experiments on monkeys in which 
he cut the afferent fibres on one side as they left the gracile and cuneate 
nuclei. He reported difficulty in observing the physiological effects, 
but he stated that extensive lesions were associated with inability of the 
animal to use the ipsilateral limbs, and with diminution of sensation on 
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the side of the lesion. W. A. Turner (1895) [6] reported on the 
localized destruction of the tubercle of Rolando in five monkeys. We 
mention his findings because of the fact that the cuneate nucleus was 
usually included in the lesions. None of the clinical manifestations 
was attributed by the author to the involvement of the cuneate 
nucleus. 

Tschermak (1898) [7] studied the effects of lesions of the dorsal 
column nuclei in cats. In three animals he destroyed these nuclei on 
one side. By the first or second day after the operation they made 
attempts to walk, in which attempts, however, they swayed and fell 
toward the side of the lesion, particularly if they attempted to raise the 
feet. Later, the animals did not fall toward the involved side but could 
be easily pushed over on to that side. In walking the contralateral 
limbs were used firmly, but the ipsilateral legs were considerably 
abducted, and the fore-foot was used clumsily and was often placed 
with the dorsum downward. On sitting up all three animals swayed 
toward the side of the operation. There were no disturbances of touch, 
pain and localization. All the symptoms decreased rapidly and after 
two, or at most five days, they had practically disappeared. In one 
case, however, there was a noticeable disability even up to death after 
sixteen days. The author felt that many of the symptoms observed by 
him could be accounted for by a disturbance of the sense of position 
and of movement of the limbs, i.e. of the so-called muscle sense. Serial 
sections of the material revealed destruction of the posterior two-thirds 
of the dorsal column nuclei of one side. The substantia gelatinosa was 
also involved in the lesion, and the nucleus of the 12th nerve was 
usually destroyed. In the caudal portion of the wound the dorsal as 
well as the most cephalic portions of the pyramidal decussation were 
injured. Above the lesion the restiform body and the lemniscus were 
degenerated. 

Probst (1902) [8] reported on the effects of lesions of the dorsal 
column nuclei in dogs and cats. He compared the effects of such lesions 
to those resulting from lesions of the cerebellum. Following a right- 
sided lesion of the nuclei, the dog fell to the left and presented ataxia 
and disturbances in equilibrium. There was also a tendency to fall 
ver backwards. In the acute phase the dog maintained the ipsilateral 
fore-limb in tonic flexion and often placed the limb on the floor with 
the dorsum downwards. Because of the tonic flexion the fore-limbs 
were often crossed. Some degree of paresis of the ipsilateral fore-limb 
persisted even to the 15th day. According to the author such paresis 
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resembled that following removal of the cortical motor area and was 
based upon a loss of muscle sense. The pupils did not react well. The 
knee-jerks were active. The dog did not react to pin-pricks. 

Mussen (1927) [9], in reporting on cats in which the nuclei graciles 
et cuneati were cauterized, claimed that the characteristic symptom 
was a loss of the postural sense involving joints of one or more limbs. 
Equilibrium was but slightly disturbed and pain and touch sensation 
were normal. In one case with right-sided destruction of the nuclei 
loss of sense of position was indicated by the animal frequently resting 
on the dorsum of the right fore-limb. Any abnormal posture in the 
hind limbs would be corrected at once. In his cases the disabilities, 
which were interpreted as indicating loss of sense of position, had not 
disappeared at the end of three weeks. Unfortunately we have not 
been able to find descriptions of the exact extent of the lesions in his 


cases. 


III.—METHOD IN OUR EXPERIMENTAL WORK. 


Macacus rhesus monkeys were used in all the experiments. In all 


twenty-one animals were used. The operations consisted of unilateral 


or bilateral destruction of the gracile and cuneate nuclei, unilateral 


destruction of the nucleus gracilis or of the nucleus cuneatus, and lesions 


of these nuclei in combination with other lesions, e.g. of the spino- 


cerebellar tract or the inferior cerebellar peduncle. 


The monkey was placed in position on the table so that the head and neck 
extended over the end of the table, enabling the operator to flex the head on 
the chest. Under deep ether anzsthesia, with usual surgical aseptic technique, 
the muscles of the neck were split in the mid-line and held apart with an 
1utomatic retractor. The occipital bone was cleared of muscular attachments 
and the arch of the atlas was exposed. The occipital bone was removed well 


up over the transverse sinuses. Usually the arch of the atlas was removed. 


The occipito-atlantoid ligament and the dura over the cerebellum were split 
and retracted, exposing the caudal portion of the vermis, portions of the lateral 
cerebellar lobes and the upper portion of the spinal cord. The arachnoid was 
opened and the region of the obex carefully cleared of attachments of arachnoid. 
The vermis was retracted upward with a small flat retractor and the nuclear 


groups could then be clearly seen. The various lesions were made usually 


with a small ophthalmic knife or capsulotome, which made it possible to cut 
out a small mass of tissue which was then removed with fine forceps and eye 
scissors. In a few cases the lesion was made with a small sharpened Spratt’s 
curette, or with a hot needle and finally in one or two cases by injecting a drop 
or two of alcohol with a 25 gauge bent needle. The dura was not sutured in 


closing. The muscles were approximated with catgut or black silk sutures and 


LESIONS OF THE DORSAL COLUMN NUCLEI IN MACACUS RHESUS 79 


the wound was closed with Michel skin clips. With this simple technique we 
experienced no difficulty in any of our animals, as regards either infections 
yy marked spreading of the lesion, except in the widely destructive lesions 
nvolving both gracile and cuneate nuclei. It is of interest that out of five 
wnimals in which the complete bilateral lesion was attempted at one stage, 
three died after an apparently normal recovery up to three days when they 
suddenly became ill and usually died on the fourth day. Post-mortem 
examinations revealed pneumonia in allcases. The lesion probably had spread 
to involve the nuclei of the vagus. The animals with smaller surgical lesions 
x complete unilateral involvement were usually up and about the cage in an 
our, or at most two hours, after the operation. The two animals which 
survived complete bilateral lesions were very weak for three or four days after 
the operation, but once they passed this point they improved rapidly. 

The animals were usually killed for study with the Marchi or the Weigert 
stains, the Marchi stain requiring sacrifice of the animal from the eleventh to 
the sixteenth day and the Weigert requiring at least six weeks survival. 
Serial sections of the brain-stem frontal to the upper cervical cord were studied 

1 each of these animals with one or other of these methods. A complete 
natomical report of the degenerations resulting from these lesions will be 
reported elsewhere in a study of the connections of the posterior column 
nuclei. In the present paper, we are concerned mainly with the symptoms 
lowing the various experiments and with a presentation of the essential 


eatures of the anatomical lesions. 


IV.—EXPERIMENTAL MATERIAL. 


In all, twenty-one monkeys were used in these operations on the 
dorsal column nuclei. The protocols to be presented will include one 
f each of the various pure types: (a) Unilateral destruction of the 
nucleus gracilis and the nucleus cuneatus; (bd) unilateral destruction of 
the nucleus gracilis; (c) unilateral destruction of the nucleus cuneatus ; 
1) bilateral destruction of the nuclei graciles et cuneati. 


Protocol No. 1.—Cer. 57. 


Operation, November 22, 1932: Destruction of the right dorsal column 
e?.—Usual technique as described above. Very little bleeding. The lesion 
ippeared well confined to the nuclei at operation. When the animal came out 
f the anesthesia there was a sharp twist of thechin tothe right, but no other 
ubnormality. 
Three hours after operation.—The animal is now well out of the anzsthesia 
nd is sitting up in the cage eating a piece of orange. The rotation of the 
chin to the right which was present for about one hour after the operation 
us disappeared and the posture of the head is now normal. The animal 
isually sits with the right side of the body against the cage. When it sits on 
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the floor without the support of the cage it shows a slightly flexed and 
adducted posture in the right fore-limb with some abduction in the right hind- 
limb giving a broad base to the hind-limbs. In this sitting posture there is no 
side-to-side swaying of the animal. If it is teased with a small stick it 
reaches out and takes the stick with the left hand only, no grasping efforts 
being made with the right limbs. There is no abnormality in the reactions of 
the eyes nor spontaneous nystagmus. No evidence of facial paralysis, or any 
signs of vestibular dysfunction are observed. The animal seems to be able to 
swallow and to protrude the tongue. In the sitting posture the most definite 
disability at this time seems to be a marked loss of spontaneous use of the 
right limbs. The disability seems to be of the same type as that seen in 
lesions of the dorsal columns and consists of hypotonia and a lack of spon- 
taneous grasping, but the deep reflexes are active. All of the disabilities are 
more accentuated in the right fore-limb, which remains practically unused in 
movements of locomotion, reaching, climbing or in any type of movement 
requiring spontaneous activity with the limb. The right hind-limb is held 
slightly flexed, but it is used awkwardly in walking, with jerkiness and lack of 
co-ordination. It is not employed, however, for active grasping. The gait is 
practically three-legged, since the right fore-limb is not used. At times the 
animal rests on the right fore foot with the dorsum of the foot downward. In 
climbing the animal uses the left limbs practically alone. Gross attempts at 
catching hold of the support, however, are made with the right limbs, 
particularly the hind-limb, but the animal seems to be unsuccessful in actually 
grasping firmly the cage or object of support. Muscle tone diminished in both 
right limbs. The hypotonia is greater in the fore-limb. So far as can be 
determined at this stage there does not seem to be any loss of response to pain 
or touch or of localization of touch. When the animal is dropped head first 
with the eyes open there is some extension of all limbs, but the right fore-limb 
is extended much less actively than the left fore-limb. The left limbs appear 
normal. The hopping and placing reflexes are diminished on the right. The 
vestibular or labyrinthine reflexes are normal. 

November 23: twenty-four hours after operation the condition was un- 
changed. It is of interest to note here how this animal differs at this stage 
from animals at a similar stage with lesions of the spino-cerebellar system in 
the medulla. This animal shows absence of spontaneous grasping and active 
deep reflexes, in contrast to the normal grasping and hypo-reflexia of the spino- 
cerebellar animal. In addition, no falling toward the side of the lesion occurs, 
whereas this is the usual finding when the spino-cerebellar tracts are divided. 

November 29: One week after operation. The animal has improved con- 
siderably during the past week, but the phenomena which were present at the 
three hour-stage persist, though slightly less intense. The only sensory 
abnormality which can be determined is the response of the animal to passive 
movement of the limbs when the eyes are covered. Then it makes no attempt 
to correct changes in the position of the right limbs, whereas vigorous attempts 
are made when the left limbs are moved. When the animal runs, jumps 
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about, or climbs along a pipe or a bar, the disability in the right side becomes 
clearer. It consists essentially of the animal’s inability to use the right limbs 
for actively grasping the object of support. At times the right fore-limb is used 
for encircling the support with the upper portions of the extremity, but the 
object is never grasped spontaneously with the fingers or hand. It is of interest, 
however, that if the hand is placed around a small bar and the animal is then 
suddenly allowed to drop while blindfolded, it may grasp the bar and remain 
hanging fora considerable time, showing that a reflex type of grasping may occur 
in the involved limbs. Testing of vestibular function, done with Dr. Northington, 


NG WC.DEG N.B.DEG NGEDEG 





Fic. 1.—Section of medulla at level of pyramidal decussation. Weigert preparation. 

n the right there is seen to be a complete disappearance of the nucleus gracilis, the nucleus 

uneatus and the dorsal portion of the external cuneate nucleus, all of which have been 

replaced by degenerated tissue. There is a complete absence of arcuate fibres from the 
nuclei on the right side. The section is somewhat oblique, the dorsal portion being at a more 
ephalic level than the ventral. N.G., nucleus gracilis; N.B., nucleus cuneatus; N.C.E., 
xternal cuneate nucleus ; R.D.V., descending root of the 5th nerve; F.Arc., arcuate fibres ; 

D.Pyr., pyramidal decussation ; C.R., corpus restiforme; Deg. (after initials), degenerated. 


hows no evidence of involvement of the vestibular apparatus. The swimming 
the animal appears unaffected. 
December 6: Two weeks after operation the condition was the same. 
December 22: One month after operation. The animal has improved con- 
siderably. However, on careful examination it is seen to present essentially 
the same disabilities as were present at the earlier stage. The right fore-limb, 
for example, is practically never used for active grasping movements such as 
for picking up food ; at the most it is employed in gross supporting movements. 
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A slightly flexed posture and some degree of hypotonia still persist. The 
right hind-limb has improved and is used quite well in walking, but 
occasionally the toes may be turned under the sole of the foot without any 
attempt on the part of the animal to correct the posture. Extension of the 
limb on falling, and the placing and hopping reflexes have improved con- 
siderably. There is no clinical evidence of vestibular dysfunction. At this 
stage the essential deficiencies are in the ability for active accurate grasping 
with the right limbs, especially with the fore-limb and diminution of the sense 
of position. This is a picture closely resembling that seen in right sided hemi- 
section of the dorsal columns in the high cervical region. 


‘2 





Pyar . 


Fic. 2.—Section of the medulla from the same animal as fig. 1 at a higher level. Weigert 
preparation showing degeneration of the nucleus cuneatus and the external cuneate nucleus 
on the right with disappearance of the internal arcuate fibres and degeneration of the left 
medial lemniscus. The I.A.K. bundles are seen to be well preserved on both sides. The 
section is somewhat oblique, the dorsal portion being at a more cephalic level than the 
ventral. I.A.K., juxtarestiform bodies; N.B., nucleus cuneatus; N.C.E., external cuneate 
nucleus ; C.R., corpus restiforme ; R.D.V., descending root of the 5th nerve; F.Arc., arcuate 
fibres ; Med. Lem., medial lemniscus: Deg. (after initials), degenerated. 


January 22, 1933: Two months after operation. The animal remains 
essentially stationary, still showing the same deficiencies. 

February 22: Three months after operation, the condition was the same. 

May 22: Six months after operation. The disinclination to use the right arm 
in reaching for food, in climbing, or in any type of the finer spontaneous grasping 
movements has persisted up to the present. Definitely co-ordinated movements 


of the fingers are not observed. The right hind-limb is used to considerable 
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advantage, although here again the finer grasping movements are not well per- 
formed. Muscle tone is still diminished on the right side. The deep reflexes 
are active. No sensory defects are found except a failure to respond promptly 
to change in position of the right limbs. The animal was killed at this chronic 
stage for study with the Weigert stain. 

Anatomical Report.—Serial sections with the Weigert stain revealed com- 
plete destruction of the nucleus gracilis and nucleus cuneatus on the right side 
and some cicatricial involvement of the nucleus gracilis on the left. This was 
not marked, however, and was confined to the dorsal portion of the nucleus. 





RIGHT 







LEFT 


i MED. Lem 
MED.LEM. DEG.— ; 
a Oe a 
Fic, 3.—Section of the medulla from the same case as figs. 1 and 2, but at a considerably 


higher level, showing the complete degeneration of the medial lemniscus on the left. Weigert 
preparation. Med. Lem., medial lemniscus; Pyr., pyramid; Deg. (after initials), de- 
generated. 


On the right, the lesion had involved all elements of the nuclei gracilis et 
cuneatus in addition to a portion of the external cuneate nucleus (nucleus of 
Clarke-Monakow) (figs. 1 and 2). On this side the absence of arcuate fibres, due 
to destruction of their nuclei of origin, was in marked contrast with the left 
side, where the intact arcuate fibres could be clearly seen. Sections in the spinal 
cord below the lesion showed no degeneration in the pyramidal tracts. Above 
the lesion (fig. 3) there was a complete degeneration of the left medial lemniscus 
which arose from the right nuclei gracilis et cuneatus. Because of the involve- 
ment of Clarke-Monakow’s nucleus on the right, the restiform body above the 
lesion appeared slightly paler than did the normal left side. The vestibular 
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nuclear system and the I.A.K. system (juxtarestiform body) appeared well 
preserved on both sides. 


In summary, the case anatomically presents a complete destruction 
of the right nuclei gracilis and cuneatus and of a _ portion of 
Clarke-Monakow’s nucleus, with degeneration in the opposite medial 
lemniscus owing to destruction of the first two nuclei. There is also 


slight involvement of the left nucleus gracilis. 


Protocol No. 2—Monkey Cer. 139. 


Operation, January 4, 1934: Lesion of the left nucleus gracilis.—On coming 
out of the anesthesia there was no abnormal posture of the head or limbs. 

Three hours after operation.—With the animal well out of the anesthetic 
there is very little abnormal in its behaviour. The most important finding at 
this time is a slight weakness on the left side with relative disuse of the left 
limbs, especially in active grasping movements. The involvement in the left 
fore-limb is very slight and inconstant. The left hind-limb is used but appears 
clumsy. At times when the animal sits up, the left hind-limb is abducted and 
the toes of the left hind foot occasionally turn in under the foot without the 
animal appearing to notice it. The animal uses both fore-limbs in reaching 
for food, although slight preference is given to the right. Muscle tone is 
liminished in the left hind leg. The knee-jerks are active on both sides, 
possibly slightly more active on the left. All the special reflexes, including the 
righting, position and labyrinthine reflexes are normal, except the hopping and 
placing reflexes which are somewhat diminished in the left hind-limb. The 
animal responds to pinching, deep pressure and superficial touch in all the 
limbs and the trunk and head. It appears to be aware, when blindfolded, of 
changes in the position in all limbs except in the left hind-limb in which 
relatively greater excursions can be made without apparent awareness by the 
animal. When the animal jumps from a high place the left hind-limb tends 
to slip on landing. On climbing there is very little disability, apart from a 
slight clumsiness or awkwardness and failure to place the left hind-limb accu- 
rately. The more the animal climbs about now the more exact it becomes with 
the left fore-limb. The effect on this limb is merely temporary. 


To summarize, in the acute stage we find an inco-ordination and 
some diminution in the sense of position in the left hind-limb, associated 
with a diminution in muscle tone, retention of sensation, diminution in 
hopping and placing reflexes, and an active knee-jerk. There isa slight 
involvement of a similar kind in the left fore-limb. 

January 5, 1934.—Twenty-four hours after operation. The condition is 
unchanged except that the involvement of the leit fore-limb seems to have 
completely disappeared. The animal now uses both fore-limbs indiscriminately 
for picking up food, for climbing, or catching flies. 
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January 11.—One week after operation. During the past week the animal 
has improved so much that, except for slight instability of the left hind leg in 
climbing, diminution in the hopping reflex response, slight weakness in jumping 
and some hypotonus and active deep reflexes in this limb, the animal appears 
normal. Both fore-limbs have been equally well used in reaching for food. 

January 15.—Eleven days after operation. The condition of the animal is 
essentially the same. The animal was killed on this date for study by serial 
Marchi preparations. 

Anatomical Iteport.—The lesion was confined essentially to the nucleus 
gracilis on the left. Fig. 4 illustrates a section at the level of the lesion showing 


Lesion 


,FARC, DEC 





Fic. 4.--Section of the medulla from the animal described in Protocol 2, showing the 
point of maximum involvement of the left nucleus gracilis. The lesion encroaches slightly 
on the dorso-medial tip of the nucleus cuneatus in its caudal levels. The degenerated arcuate 
fibres, mostly from the nucleus gracilis, but with a few from the tip of nucleus cuneatus, 
can be clearly seen crossing to form the medial lemniscus. Marchi preparation. Inf. Olive, 
inferior olive; R.D.V., descending root of the 5th nerve; N.C.E., external cuneate nucleus; 
N.B., nucleus cuneatus; N.G., nucleus gracilis: F.Arc., arcuate fibres; Deg. (after initials), 
degenerated. 


the destruction of the nucleus gracilis, and slight involvement of the most 
caudal and medial portion of the nucleus cuneatus. A few of the most dorso- 
medial fibres of the funiculus cuneatus were also injured as they passed the 
dorso-lateral border of the nucleus gracilis at its caudal extremity. This 
accounts for the few granules of degeneration in the nucleus cuneatus and in 
the external cuneate nucleus or Clarke-Monakow’s nucleus. The degeneration 
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from the lesion of the nucleus gracilis could be followed frontally through the 
most medial of the internal arcuate fibres into the interolivary space and into 
the medial lemniscus. At the level of its greatest development the nucleus 
cuneatus is entirely free from damage. Fig. 5 shows the ascending degeneration 
in the medial lemniscus at a higher level. At lower levels the spinal cord 
contained no pyramidal degeneration. 


INE OLIVE 
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Fic. 5.—Section of the medulla from the same case as fig. 4 but at a higher level showing 
absence of involvement of the left nucleus cuneatus. The degeneration in the right medial 
lemniscus can be clearly seen. Marchi preparation. C.R., corpus restiforme; N.B., 
nucleus cuneatus; I.A.K., juxtarestiform bodies; Inf. Olive, inferior olive; Med. Lem., 
medial lemniscus; Deg. (after initials), degenerated. 


Summary: A lesion limited to one nucleus gracilis was associated 
with symptoms confined practically entirely to the ipsilateral hind-limb. 
The slight temporary involvement of the arm may have resulted from 
slight injury of the most caudal portion of the nucleus cuneatus. 


Protocol No. 3—-Cer. 40. 


Operation, January 25, 1934: Lesion of the right nucleus cuneatus.— 
While the animal was coming out of the anexsthetic there was a slight 
asymmetry owing toa flexion of the right fore-limb, but this disappeared rapidly 
as the anesthesia wore off. 

Three hours after operation.—With the animal well out of the anesthetic 
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there is very definite right-sided impairment, especially in the fore-limb. On 
movement the animal stumbles towards the right. It sits with the right side 
against the cage. There are no forced swaying movements such as are seen in 
vestibular animals. While sitting still the right fore-limb is slightly flexed at 
the elbow, the hand is in a normal position or slightly extended, and the arm 
is adducted. Theright hand is not used in reaching for food, but the animal 
does this readily and accurately with the left arm. When the animal is teased 
with a stick it makes no attempt to grasp it with the right fore-limb. Reaching 
and grasping are performed quite well with the hind-limb. The right arm is used 
only slightly and in a clumsy manner for defence. The left arm is used normally. 
When the animal is taken out of the cage there is a slight abduction of the 
right hind-foot. In walking it relies little on the right fore-limb, and the hand 
is often placed with the dorsum downward and little attempt is made to correct 
this abnormal posture. The upper arm occasionally slips sideways when weight 
is placed uponit. The hand is generally carried as if it were an extra appendage. 
The right hand is occasionally clumsy, but it is not marked. Climbing is done 
chiefly with three limbs and the right hind-limb seems capable of grasping the 
cage fairly well. Theright fore-limb makes poor attempts at grasping the cage 
ind this limb is not employed in any finely co-ordinated movements. When 
the animal is suspended under a horizontal bar it climbs along fairly well, 
using the right hind-limb to some extent and seemingly capable of holding on 
to the bar with it, but the right fore-limb is used apparently only for support, 
the upper arm being turned around the bar. There is no abnormality in any 
of the cranial nerves. Muscles tone is definitely diminished in the right fore- 
limb at the shoulder, elbow and wrist. There is also slight diminution in tone 
in the right hind-limb as compared to the left, but this is not very marked, and 
is not so severe as in animals with lesions of the nucleus gracilis. So far as 
can be determined there is no diminution in the animal’s responses to touch, 
deep pressure and pin-prick in any of the limbs, trunk or head. When blind- 
folded the animal allows a considerable change in position to be passively 
impressed on the right fore-limb without manifesting any resistance, in contrast 
to the left arm where strenuous resistance is shown to any change in posture. 
Movement of the right hind-limb elicits a quick defensive response. The deep 
reflexes in the upper arms and the knee-jerks are active and equal on the two 
sides. When the animal is dropped head first, there is slight extension of the 
right arm but not so marked as on the normal left side. The righting, position 
vnd other labyrinthine reflexes appear normal throughout. There is, however, 
. definite diminution in the placing and hopping reflexes in the right fore-limb. 
This is not so marked in the hind-limb. 

January 26: Twenty-four hours after the operation.—The picture is 
essentially the same as on the previous day. However, the animal does not 
stumble in running as it did then, and the involvement of the hind-limb has 
cleared up considerably. The symptoms are mainly confined to the right 
fore-limb. 

January 27: Forty-eight hours after the operation.—The condition was 


unchanged. 
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February 1: One week after operation.—The disturbances are confined to 
to the right fore-limb; they consist in lack of spontaneous use in grasping, 
diminution in appreciation of the sense of position, hypotonia, over-active deep 
reflexes and retained superficial sensory responses. The right hind-limb appears 
to be slightly involved, as it is clumsy in co-ordinated movements as in climbing 
along underneath a bar. A good grip is present and no diminution in tone is 
elicited in this limb. The right fore-limb is used occasionally in active 





Fic. 6.—Section of the medulla from the animal described in Protocol No. 3 near the 
point of maximum involvement of the nucleus cuneatus. It shows involvement of the whole 
nucleus together with a small portion of the external cuneate nucleus (nucleus of Clarke- 
Monakow). The degenerated arcuate fibres from the right nucleus cuneatus can be seen 
bending ventrally to cross the midline to form the medial lemniscus of the opposite side. The 
restiform body is free from lesion. Marchi preparation. Pyr., pyramid; Inf. Olive, 
inferior olive: F. Arc., arcuate fibres; K.D.V., descending root of the 5th nerve; C.R., 
corpus restiforme ; N.C.E., external cuneate nucleus; N.G., nucleus gracilis; N.B., nucleus 
cuneatus; Deg. (after initials), degenerated. 


movements, but in feeding it acts merely as a support, and is not employed 
in finer movements as grasping food. During the week the various vesti- 
bular tests have been found normal. The animal shows no abnormality in 
swimming. 

February 8: Fourteen days after operation.—The animal still presents 
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essentially the same symptoms as were described in the previous week. It 
was killed on this date for study in serial Marchi preparations. 

Anatomical Report.—The lesion was confined to the right side and involved 
essentially the nucleus cuneatus proper. It extended to the cephalic end of 
the funiculus cuneatus, where it involved part of the funiculus itself and the 
most caudal portion of the external cuneate nucleus (nucleus of Clarke- 
Monakow). At a slightly higher level the destruction involved mainly the 
nucleus cuneatus. There was, however, an injury of the most lateral fibres 
leaving the nucleus gracilis, and the lesion encroached laterally on the most 
lorso-medial portion of the external cuneate nucleus (Clarke-Monakow’s 


nucleus) (fig. 6). At a slightly higher level the lesion was confined to the 
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Fic. 7.—Section of the medulla from the same case as fig, 6, but near the upper end of 
he nucleus cuneatus which is alone involved. The degeneration in the left medial lemniscus 
ind a few degenerated fibres in the right restiform body can be clearly seen. Marchi prepara- 

ns. Pyr., Pyramid; Med. Lem., medial lemniscus; N.C.E., external cuneate nucleus; 
R., corpus restiforme; I.A.K., juxtarestiform bodies ; N.B., nucleus cuneatus: F, Arc., 
ircuate fibres ; Inf. Olive, inferior olive; Deg. (after initials), degenerated. 


nucleus cuneatus. The degeneration of the arcuate fibres from the nucleus 
could be well seen. At a still higher level only the nucleus cuneatus was 
involved (fig. 7). This figure also shows the extensive degeneration in the 
opposite lemniscus. The restiform body on the side of the lesion contained a 
number of degenerated fibres, probably owing to the involvement of Clarke- 
Monakow’s nucleus in the lower levels of the lesion. There was no evidence 
of injury of either the vestibular or of the pyramidal systems at any level. 
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To summarize, we have a monkey with a lesion involving practically 
all of the right nucleus cuneatus in addition toa small proportion of the 
efferent fibres from the nucleus gracilis. Part of Clarke-Monakow’s 
nucleus has also been injured. Some fibres of the funiculus cuneatus 
have undoubtedly been cut as they pass to through or around the nucleus 
cuneatus to the nucleus of Clarke-Monakow. Avoidance of this compli- 
cation appears to be practically impossible owing to the anatomical 
relationships. 

Protocol No. 4, Cer. 122. 

Operation, Septembe) ia. 1933 : Bilateral lesions o; bi th iclei araciles and 
cuneat?. When the animal came out of the anesthetic there was marked 
flaccidity of all limbs 

Three hours after operation.—With the animal well out of the anzsthetic 
a marked disability, such as is seen following complete cervical section of the 
dorsum columns, is present, with the difference however that the symptoms 
are more marked on the right side. The main symptom is failure to use the 
limbs for active grasping. For example, if one approaches the cage with a 
small stick the animal makes violent attempts to get away, but does not reach 
for the stick in defence except with the left fore-limb, with which it makes 
some movements but fails to grasp the stick accurately ; it appears to be unable 
to flex the hands around the stick. The right limbs make no attempt at 
reaching. As the animal sits in the corner of the cage the arms are adducted 
to the side, the elbows are flexed, and the hands dangle apparently uselessly : 
the hind-limbs, and particularly the right, are abducted. Although very weak, 
when it is allowed to leave the cage the animal attempts to walk, but its feet 
tend to slip on the floor, all their movements are poorly co-ordinated, the feet 
are flung excessively upwards and outwards, and it occasionally falls to either 
side, or after a few steps it may lie down on the floor. There is no oscillation 
of its head, which is held straight. When it reaches a cage it attempts 
unsuccessfully to jump. It stretches towards a support with both hands, but 
the left hand alone seems capable of grasping ; even then it lets go quickly and the 
animal is therefore unable to climb. When blindfolded the animal shows no 
active response to passive changing of the position of the limbs, except perhaps 
of the left fore-limb. The muscle tone is definitely diminished in all of the 
limbs, but more so in the right. The deep reflexes are over-active on both 
sides. The cranial nerves appear normal. The animal appreciates pin-prick, 
touch and deep pressure, as does the normal monkey. The placing and hopping 
reflexes are absent, except perhaps in the left fore-limb, where there is an 
occasional response. The animal can right itself from either side, and if 
dropped head first shows a slight extension of the fore-limbs, especially of the 
right. 

September 14: Twenty-four hours after operation—The same marked 
inability to use the limbs in co-ordinated spontaneous grasping movements is 


still present. It is absolutely unable to climb and to grasp the cage except 
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occasionally with one or two fingers of the left fore-limb. Despite its inability 
to grasp the animal may, if hung from a high bar and dropped suddenly, grip 
the bar with both hands and hang securely for a period of fifteen to twenty 
seconds. The right side always relaxes first, however. The muscle tone, the 
deep reflexes and the special reflexes are unchanged. The disability in the 
hands is shown particularly when the animal attempts to eat; the right limbs 
are not employed, but the left hand may try, though without success, to pick 
up a peanut ora banana. The fingers are used clumsily and the grip is so 
insecure and poorly executed that the object is often dropped before it reaches 
the mouth. The lack of awareness of change of position in the limbs is 
unchanged. If the animal is placed across a bar or some support so that the 
irms hang free on one side and the feet on the other, it struggles to get off, 
hut does not seem to be able to use the arms or feet to grasp the bar and lift 
itself from it. The sensory responses are unchanged. The gait still shows 
the marked excessive movements in the limbs, a rather wide base, slipping of 
the limbs, more particularly on the right, and the assumption of abnormal 
postures. When the animal sits its hind feet present a very broad base. 
Vestibular testing shows normal responses on both sides. 

September 21: One week after operation.—The general physical condition of 
the animal is excellent. He presents, however, the same essential neurological 
findings as were present at the three-hour stage. During this week the animal 
1us adopted a hopping type of gait such as was seen in our animal with cervical 
section of the dorsal columns, though the front limbs are used to a slightly 
greater extent than in the animals with the spinal lesion. There is still a lack 
of spontaneous grasping and inability to climb, to use the limbs in actual 
grasping, for defence, to bring food to the mouth, and to free it if it is placed 
icross a bar. When the animal jumps it shows a very poor spring; there is 
upparently very little elasticity in the limbs, it lands heavily and the limbs 
slide on the floor. The sensory responses are normal throughout. The animal 
swims normally, and tests reveal no evidence of involvement of the vestibular 
apparatus. 

September 24: Hleven days after operation—The animal is in essentially 
the same state as at the earlier stage, although the symptoms are less pro- 
nounced. The chief abnormalities, including the staggering, the uncertain and 
inaccurate gait, the diminution in the spontaneous grasping, the hypotonia, the 
ictive deep reflexes and the loss of sense of position, are unchanged. These 
ure more marked on the right side. The animal was killed on this date for 
examination by Marchi’s method. 

Anatomical report.—The lesion involves both nuclei graciles in their entire 
extent, and at its upper level it involves the whole right nucleus cuneatus. On 
the left a small part of the superior and outer part of this nucleus remains 
intact. On the left the external cuneate nucleus (nucleus of Clarke-Monakow) 
has been directly injured in its most dorsal quarter only. There are a few 
degenerated fibres in this nucleus due to involvement of the funiculus cuneatus 
before it enters the nucleus. On the right side the lesion extends directly into 
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the external cuneatus nucleus (nucleus of Clarke-Monakow) in about its upper 
third. The internal arcuate fibres are completely degenerated on the right, but 
some of those from the uninjured upper and outer portion of the left nucleus 
cuneatus remain unaffected. The lesion itself has not involved the fibres of 
the I.A.K. or the restiform body on either side. At higher levels the degenerated 
arcuate fibres can be followed into the medial lemniscus, in which there is 
symmetrical degeneration on both sides. There is no evidence of degeneration 
of the vestibular tracts. Both restiform bodies contain degenerated fibres, 


MED LEM.0EG —S—_-___- MED LEM 


LEM. DEG. 
. 


Fic. 8.—Section of the medulla from the animal described in Protocol No. 4, showing 
involvement of both nuclei cuneati and some involvement of the external cuneate nucleus, 
particularly on the right. The lesion in the nucleus cuneatus is slightly greater on the right 
than on the left. The degenerated arcuate fibres and the bilaterally degenerated medial 
lemnisci can be clearly seen at this level Marchi preparation. Med. Lem., medial lem- 


> 


niscus; C.R., corpus restiforme; N.B., nucleus cuneatus; F. Arc., arcuate fibres; Inf. 
Olive, inferior olive; N.C.E., external cuneate nucieus ; Deg. (after initials), degenerated. 


which are more numerous on the right side. They presumably result from the 
involvement of the external cuneate nuclei, since no direct damage to the 
restiform body is evident. Sections below the lesion in the cervical, thoracic 
and lumbar segments show no degeneration in the pyramidal tracts. Fig. 8 
illustrates the involvement of the higher portions of the nuclei graciles and 
cuneati and the resulting degeneration of internal arcuate fibres. On the right, 
the lesion is seen to be of greater extent, involving part of the nucleus of 
Clarke-Monakow. Fig. 9, at a higher level, shows the full extent of the 
degeneration in the medial lemniscus of each side. 
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In this animal the lesion involved the nuclei graciles and cuneati 
‘f both sides, but was larger on the right. On this side it extended into 

the external cuneate nucleus. There is degeneration of the medial 
lemniscus of both sides and a slight degeneration in the restiform bodies, 
especially on the right. 

These four protocols are samples of typical cases from our large series 
of monkeys with different lesions of the dorsal column nuclei. In all 
cases the degeneration, especially when studied with the Marchi method, 
‘ould be followed as far as the thalamic nuclei. 





MED LEM. DEG. 


Fic. 9.—Section of the medulla from the same case as fig. 8, but at a higher level 
wing the bilateral symmetrical degeneration in the medial lemnisci. Marchi preparation. 
Med. Lem., medial lemniscus; Inf. Olive, inferior olive; Deg. (after initials), degenerated. 


IV.—DIscussIon. 

In all of our animals with lesions of the dorsal column nuclei we 
were impressed by the similarity between their symptoms and those 
associated with lesions of the dorsal columns [1]. This is, of course, 
what one would expect, since the nuclei graciles and cuneati are the 
nuclei of the dorsal columns. 

Zeehandelaar [10] concluded, as a result of his studies on the 
comparative anatomy of the dorsal column nuclei, that these nuclei are 
developed especially in higher animals, and that this development bears, 
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in the main, a direct relationship to the increasingly independent use 
of the upper and lower limbs and the establishment of more cortical or 
conscious control. According to him the dorsal column nuclei are the 
intermediate stations for the long dorsal column fibres carrying impulses 
from the limbs, the impulses from the lower limb going to the nucleus 
gracilis, and those from the upper to the nucleus cuneatus, from which 
they pass by way of the medial lemniscus to the thalamus for redis- 
tribution to the cortex. He believes that there is probably a considerable 
mixing and redistribution of the fibres within the dorsal column nuclei. 
The external cuneate nucleus, or nucleus of Clarke-Monakow, according 
to this author, is related to the muscles of the neck. 

Our work confirms the definite projection of the fibres from the 
lower limbs into the nucleus gracilis, and of the fibres from the upper 
limbs into the internal and external portions of the nucleus cuneatus. 
Since lesions of either of these nuclei produce symptoms in either the 
hind- or the fore-leg of the same side only, the distribution appears to be 
entirely ipsilateral. 

In unilateral lesions of the nucleus gracilis the symptoms are 
confined to the ipsilateral hind jeg, and consist mainly of inability to 
control the accurate placing of the limb and a diminution in the sense 
of position, associated with a certain degree of hypotonia and retention 
of the deep reflexes. The disturbances in the hind-limb are usually not 
so marked when the nucleus cuneatus is destroyed. ‘This is due to the 
facts by which we have explained the severer symptoms in the fore-limb 
as a result of the section of the funiculus cuneatus. Our experiments 
on the dorsal columns and on the cerebellum have tended to show that 
the nucleus of Clarke-Monakow, or the external cuneate nucleus, receives 
a large number of fibres from the funiculus cuneatus and that it sends 
fibres to the cerebellum by way of the restiform body of the same side. 
This nucleus, therefore, forms an intermediate station between fibres 
of the funiculus cuneatus and the cerebellum ; it receives many of the 
impulses from the upper limb and neck muscles which ultimately go to 
the cerebellum. The medial cuneate nucleus or, as we choose to call it, 
the nucleus cuneatus proper, on the other hand, receives fibres from the 
funiculus cuneatus, and in turn sends arcuate fibres to the medial 
lemniscus and thalamus, carrying impulses which ultimately will be 
associated with conscious deep sensibility. We believe, as a result 
of our anatomical study of lesions in the funiculus gracilis [11], that 
the fibres from the lower extremities terminate in the nucleus gracilis, 


which sends its efferent fibres into the lemniscus. A lesion of the 
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nucleus gracilis, therefore, involves no appreciable cerebellar connexion 
of the hind leg, and the disability resulting is dependent practically 
entirely upon a loss of the medullo-thalamic component. On the other 
hand, in lesions of the nucleus cuneatus, especially when the lesions 
extend far enough laterally to involve the nucleus of Clarke-Monakow 
directly, or the fibres from the funiculus cuneatus which pass into this 
nucleus, symptoms result not only from involvement of the fibres going 
to the contralateral cerebral cortex, but are also from loss of the impulses 
going to the ipsilateral cerebellum. The loss is noticeably greater when 
this is the case. This difference is exemplified very well in our Protocol 
No. 4, where the lesion on the right involved a greater portion of the 
external cuneate nucleus than it did on the left. 

Our previous work [11] tended to show that there is a topographical 
projection from the funiculus cuneatus in Clarke-Monakow’s nucleus. 
Its ventral end receives fibres from the upper two or three cervical 
segments, whereas its dorsal portion receives fibres from the lower 
cervical segments. It follows that a lesion extending into the ventral 
portion of Clarke-Monakow’s nucleus would involve fibres from the 
upper cervical segments ending in it. On the other hand the involve- 
ment of the dorsal position of Clarke-Monakow’s nucleus would involve 
fibres of the funiculus cuneatus coming from the lower cervical and 
ipper thoracic segments. 

In view of these facts it is easy to understand why lesions of the 
nuclei graciles and cuneati extending to the external cuneate nucleus, 
vw nucleus of Clarke-Monakow, produce more severe symptoms than 
those limited to the nuclei graciles and cuneati, since the medullo- 
‘erebellar fibres from the external cuneate nucleus are injured in addition 
to the medullo-thalamic fibres. 

It is still an open question whether or not there is a greater pre- 
dominance of fibres from the nucleus cuneatus or from the nucleus 
cracilis in the medial lemniscus. The dorsal column-cerebral component 
probably plays a greater réle in the control of movements of the upper 
extremity than in those of the lower, since many of the movements of 
the lower extremity may be carried out on a spinal basis and therefore 
require less cortical control, or because the movements of the upper 
extremity in high forms, such as man and even the monkey, are a finer 
type and require more cortical control for successful execution. This 
may be the case. In order to check this experimentally, we have 
produced mid-line lesions of the medial lemniscus at the level of the 


inter-olivary space. By this operation the fibres of the lemniscus are 
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divided at some distance from their nuclei of origin and surrounding 
structures, such as the funiculus cuneatus and the external cuneate 
nucleus, escape injury. We found then that the symptoms following 
section of the medial lemniscus were more marked in the fore-limb 
than in the hind-limb. This justifies the conclusion that the cerebral 
components are more important in the control of movements of the 
fore-limbs than in those of the hind-limbs. 

It may be of interest here to mention the effects of removal of the 
post-central convolutions in animals in which there had been a previous 
lesion of the nuclei graciles and cuneati. In another paper, dealing 
with the effects of lesions of the post-central convolutions {12], we report 
symptoms which resemble very closely those seen following lesions of 
the dorsal column nuclei. These are essentially a marked difficulty in 
performing co-ordinated movements with the limbs, associated with a 
deficiency in the sense of position. The symptoms here also were 
greater in the fore- than in the hind-legs. In one of our animals in 
which the gracile and cuneate nuclei had been destroyed on one side, 
the contralateral post-central convolution was removed after the animal 
had reached the chronic stage, when further improvement had ceased. 
In this animal the subsequent removal of the post-central contralateral 
convolution added nothing to the symptoms. In another animal in 
which both nuclei graciles and cuneati had been removed and in which 
the animal had likewise reached a chronic stage, subsequent removal of 
both post-central convolutions lead to a temporary return of the 
symptoms which had been observed immediately after the first 
operation. 

It is probable that the lesions in many of our animals were more 
strictly confined to the dorsal column nuclei than in some of the 
experiments reported by various authors; this may account for our 
failure to obtain symptoms described by them. For example, our 
animals had no degeneration in the pyramidal tracts and no direct 
involvement of the spino-cerebellar system or restiform body. We 
have not observed the retropulsion or forced falling to one side which 
were described by Bechterew and by Ferrier and Turner. Bechterew 
concluded that the main symptom was a disturbance in equilibrium, but 
if by this something akin to a vestibular disturbance of equilibrium is 
meant, it cannot have been due to lesions of the dorsal column nuclei, 
for our animals in which there was no evidence of vestibular damage 
showed no tendency to rolling or forced lateropulsion. 

Our findings tend to confirm our observations on monkeys with 
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section of the dorsal column where no evidence of loss of sensibility to 
pain, touch or deep pressure was found. They also confirm the 
exaggeration of the deep reflexes and of hypotonia after lesions of the 
lorsal columns. The hypotonia is not entirely due to involvement of 
the medullo-thalamic fibres, although it occurs with lesions of the 
lemniscus and of the post-central convolution. It is, however, much 
greater when the cerebellar components are also injured. 

As yet we have not been able to produce lesions confined to the 
external cuneate nucleus (nucleus of Clarke-Monakow), although in one 
case, where alcohol injected into this nucleus with a fine needle damaged 
ts dorsal portion only, the symptoms resembled those of a partial lesion 
f the ipsilateral restiform body and they were not associated with any 
loss of sense of position in the ipsilateral fore-limb. 

[t is not our intention to insist that the entire cerebellar component 
from the upper limb passes to the cerebellum by way of the external 
‘uneate nucleus, in fact our experiments show that there is a cerebellar 

ymponent from the upper limb in the dorsal spino-cerebellar tract, and 
monkeys in which lesions confined to the dorsal spino-cerebellar tract 
were made at the third cervical segment presented in the fore-limb 
symptoms typical of damage of the ipsilateral restiform body. The 
pathway through Clarke-Monakow’s nucleus is therefore probably only 
ne of the existing pathways, but the large number of fibres from the 
ervical dorsal columns which enter the nucleus indicates that it may 


be a pathway of considerable importance. 


V .—CoONCLUSIONS. 


1) Following lesions of the nuclei graciles and cuneati in macacus 
rhesus monkeys the symptoms which occur are mainly a loss of sense 
f position in all extremities, hypotonia and a transient loss or diminu- 
mn of the hopping and placing reflexes. There are no appreciable 
hanges in superficial sensibility, and the deep reflexes are not only 
preserved but appear to be increased. 

2) If the lesion involves exclusively the nucleus gracilis, these 
symptoms are limited to both hind legs if the lesion is bilateral, and to 
the ipsilateral leg if the lesion is unilateral. 

(3) If the lesion is restricted to the nucleus cuneatus (internal 

ineate nucleus) the symptoms are limited to the upper extremities if 
the lesion is bilateral, or to the ipsilateral extremity if the lesion is 
inilateral. 
LI 
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(4) The disturbances in the upper extremities resulting from lesions 
of the nuclei cuneati are more pronounced than those in the lower 
extremities following lesions of the nuclei graciles. This is partly due 
to the fact that in producing complete destruction of the nucleus 
cuneatus a certain number of fibres of the posterior columns to the 
cerebellum via the external cuneate nucleus (Clarke-Monakow’s nucleus) 
are generally destroyed. 

(5) When the lesions of the posterior column nuclei involve also the 
external cuneate nucleus (Clarke-Monakow’'s nucleus) which represents 
a relay station from the posterior column of the cervical segments to 
the cerebellum, the symptoms are more pronounced because of the 
involvement of the cerebellar component. 

(6) The symptoms resulting from the lesions of the nuclei graciles 
et cuneati are similar to those following destruction of the posterior 
columns at high cervical levels. The intensity of the symptoms is not, 
however, quite as pronounced as when the posterior columns are com- 
pletely destroyed. This is due to the fact that in the lesions of the 
posterior columns at the cervical level their cerebellar component which 
passes through the external cuneate nucleus (Clarke-Monakow’s 
nucleus) is also destroyed. 

(7) Thesymptoms of lesions of the nuclei graciles et cuneati are 
similar to those which follow removal of the post-central convolutions, 
but the latter are less pronounced since the medial lemniscus sends 
impulses not only to the post-central, but also to the pre-central and 
parietal cortex 

BIBLIOGRAPHY. 


1} Ferraro, A., and Barrera, S. E. [The Effects of Lesions of the Posterior Columns 
in Macacus Rhesus Monkeys,’’ Brain, 1934, 57, 307. 

2) Idem. ‘*The Effects of Lesions of the Dorsal Spino-cerebellar Tract and Corpus 
Restiforme in the Macacus Rhesus Monkey,’’ Jbid., 1935, 58, 174 

3] BecuTEREW, W. Ueber die Erscheinungen welche die Durchschneidung der Hinter 
striinge des Riickenmarkes bei Thieren herbeifuhrt uber die Beziehungen dieser 
Strange zur Gleichgewichtsfunction,” Arch. f. Anat. und Physio. Physiologische Abt., 
1890, 489. 

1] Ferrier, D., and Turner, W. A. ‘‘A Record of Experiments Illustrative of the 
Symptomatology and Degenerations following Lesions of the Cerebellum and its 
Peduncles and Related Structures in Monkeys,’’ Proc. Roy. Soc. of London, 1893, 
54, 476 

5] Mot re. ‘Experimental Enquiry upon the Afferent Tracts of the Central 
Nervous System of the Monkey,” Brain, 1895, 18, 1. 

6) Turner, W. A. ‘The Results of Experimental Destruction of the Tubercle of 
Rolando,”’ Ibi 1895, 18, 23 

7| TscHeRMAK, A. ‘‘ Ueber den centralen Verlauf der aufsteigenden Hinterstrangbahnen 


und deren Beziehungen zu den Bahnen im Vordenseitenstrang,” Arch. f. Anat. uw. 
Phy 


siol. Anatomische Abt., 1898, 291. 














) 


LESIONS OF THE DORSAL COLUMN NUCLEI IN MACACUS RHESUS YY 


Propst, M. ‘‘ Zur Anatomie und Physiologie des Kleinhirns,’’ Areh. f. Psychiat., 


1902, 35, 692. 
Mussen, A. T. ‘‘ Experimental Investigations on the Cerebellum,” (rain, 1927, 50 
313. 


ZEEHANDELAAR, I. 
mit der Sensibilitit,’’ Folia newrobiologica, 1921-22, 12, 1. 
EK. ‘* Posterior Column Fibres and Their Termination 


In press for publication in the Journ. of Comp 


Ontogenese und Phylogenese der Hinterstrangkerne in Verband 


FreRrRARO, A., and BARRERA, S. 
in the Posterior Column Nuclei.” 
Veurol. 

Idem. ‘‘The Effects of Removal! of the 
Rhesus Monkey.” In preparation. 


Post-central Convolutions in the Macacus 



































FAMILIAL SCHILDER’S DISEASE. 


BY ALFRED MEYER AND THOS. TENNENT 





(Fre nm the Maudsle 7] Hospital, London). 


IN spite of the number of valuable publications concerning Schilder’s 
disease and especially its familial variety, many problems remain un- 
solved. This is clearly shown by L. Bouman |8} in his recent monograph 
which deals with the current pathogenetic and nosological aspects of the 
disease. It is hoped to contribute some points that may justify the 
following report of a family suffering from this condition, observed and 
investigated by us in the Maudsley Hospital and in the Central 


Pathological Laboratory. 


Case 1.—F. H., boy aged 9. First seen June 4, 1928, complaining of 
increasing deafness of three months’ duration. He had been a full-time child ; 
delivery was normal; he walked and talked at one year; he had an epilepti- 
form fit about the age of 2; went to school at the age of 4 and was considered 
to be quite bright. At the age of 6 years he had a severe attack of jaundice 
which lasted two weeks, during which he was said to have been seriously ill. 
Since then he has suffered from bilious attacks and diarrhoea. Three months 
ago he was noticed to be somewhat deaf. This was attributed to a fall from a 
swing, his head having caught something in the fall. Thereafter he became 
dull and inattentive at school and was considered lazy. His deafness has 
varied, at times it was complete. 

On examination he was rather apathetic, but otherwise his behaviour was 
normal. Vision was impaired, the pupils reacted sluggishly to light and on 
veccommodation, the fundi were normal. There was marked deafness, and 
ataxia and inco-ordination of his left arm and left leg. The reflexes of arms were 
sluggish, those of legs were brisk. The abdominal reflexes were active and 
equal—the plantar reflexes were both flexor. Six months later he was more 
apathetic, irritable, at times noisy, screaming loudly and whining. Deafness 
was practically complete and visual impairment more marked. There was 
pallor of the optic discs, but not sufficient to account for degree of visual 
impairment. The ataxia was greater and he had developed a marked cerebellai 
posture. The deep reflexes of the arms were sluggish, those of the legs were 
brisk. The abdominal reflexes remained active, but both plantars were 
extensor in type. Wassermann reaction was negative in blood and cerobrospinal 
fluid. The latter contained cells 4 per c.mm.; protein 80 mg. per cent., and 
gave a Lange curve 5554432100 (repeated and confirmed). 

The illness ran a protracted course; by June, 1929, he was able to move in 
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bed from side to side but unable to raise himself. He opened his mouth when 
is lips were touched and could swallow without apparent difficulty. He was 
oisy when moved and had frequent attacks of screaming. He was completely 
leaf and totaliy blind. The pupils were dilated and inactive and both optic 
lises showed marked atrophy. The limbs were spastic; all the deep reflexes 
vere exaggerated. The abdominal reflexes were absent and both plantars were 
xtensor in type. He went downhill gradually, swallowing became increasingly 
litficult and he died on July 15, 1929. 

Post-mortem findings.—The body was emaciated. No marked changes were 
yund in the visceral organs, which were small. There is no record of marked 
hanges on macroscopic examination of the brain, which was hardened before 

section. 

Pathological examination.-—In horizontal sections the changes are seen to 
egin in the central portion of the white matter of the frontal lobe and to 
nerease gradually, reaching a maximum extent in the parietal, temporal and 
ccipital lobes. Here the white matter has completely disappeared. Within the 
iffected area the formalin-hardened tissue is of a grey colour and of a peculiar 
lastic and tough rubber-like consistency. Weigert-Pal sections confirm the 
iked-eye appearance, and, in particular, show more or less complete demyeli- 
nation in the posterior two-thirds of the white matter of both hemispheres. 
cept for a slight rarification, the myelin architecture of the cortex is intact 
The sub-cortical tibres generally, but not invariably, stand out 


throughout. 
igainst the demyelinated part of the white matter. 

The basal ganglia are free from gross changes, whereas there is complete 
lemyelination in the pyramidal and occipito-temporo-pontinse tracts. The 
ronto-pontine tracts are better preserved. The destruction of the pyramidal 
tracts can be traced throughout the pons and medulla oblongata to the spinal 
ord, which, like the cerebellum, is otherwise free frem change. 

Within the demyelinized regions the disappearance of axis-cylinders in the 
Bielschowsky picture corresponds closely to that of the myelin sheaths. Only 

the margin of the process, towards the unaffected part of the frontal lobe, 
s the preservation of axis cylinders greater than that of the myelin sheaths. 
Here the demyelination begins with a gradual patchy failure to take up the 
nyelin stain, and offers no sharp line of demarcation. Throughout the affected 
reas of the white matter much fibrous glial proliferation is found, as shown by 
the Holzer stain. This proliferation is denser in the vicinity of the arcuate 
fibres than in the centre, where it is of a spongy structure. 

Cell pictures (cresyl-violet, hamatoxylin-eosin, Heidenhain, azocarmine, 
special glial stains) show that the cyto-architectonie structure of the cortex 
has not suffered considerably except for some glial proliferation immediately 
beneath the pia mater and in the deepest layer adjacent to the white matter. 
In the marginal part of the process, near the arcuate fibres and the normal 
frontal lobe, there is a considerable “ wall’’ formation, consisting of multi- 
ucleated plump cells, large and small granular compound cells, proliferated 
istrocytes and microglial cells. The plump cells appear to be the earliest 
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sign of the process. The oligodendroglia is not appreciably affected in 
the demarcation zone, no mucocytic material being found. The nearer one 
proceeds to the centre of the process the more do granular compound cells 
decrease in number. The prevailing cell here is the plump cell which is found 
with almost monotonous regularity (fig. 1). Granular compound cells in larger 
quantities are contined to the vessel sheaths. Micro- and oligodendroglia are, 
in contrast to the marginal zone, definitely diminished in the centre of the 
process. There is throughout the demyelinated area a considerable amount of 
inflammatory reaction made up of lymphocytes and plasma cells which penetrate 
very frequently the glial membrane and lie free in the parenchyma. Many ot 
the granular compound cells round the vessels contain yellowish green pigment 
(with cresyl-violet), giving a marked iron reaction. This is never found in the 
cortex. No inflammatory changes of any marked degree occur outside the 
affected area. 

With Scharlach-R stain one is struck by the excessive amount of ~ neutral ’ 
fat in many of the phagocytic and endothelial cells of the marginal parts. As 
the centre of the process is approached, this bright red colour is encountered 
only in a few endothelial and granular compound cells around the vessels. 
Here most of the lipoid remains in the “ prelipoid’ stage. The plump cells, 
both at the margin and at the centre, either contain no fat, or show only a few 
brick-coloured granules in the periphery of the cell bodies and their processes. 
These granules are also demonstrable sometimes with iron hematoxylin, 
sielschowsky’s and azocarmine stain. In general, however, these staining 
methods do not reveal more of these substances than the Scharlach-R method, 
unlike the case recorded by van Bogaert and Scholz |7!. Many of the prelipoid 
inclusions resist solution after treatment for forty-eight hours in acetone, 
pyridine, xylol, ether, chloroform, ethylaleohol, methyl-alcohol, hydrochlorie- 
acid-aleohol or mixtures of these fat solvents, whilst all the bright coloured 
substances are readily dissolved. Exposure to heat at 50° has no apparent 
affect on the prelipoids. The result of the histochemical treatment corresponds 
in some degree to that obtained by Schlesinger, Greentield and Stern {31/ ina 
case of late infantile amaurotic idiocy. No prelipoid substances are found in 
the unaffected frontal lobe. 

The histological investigation of the organs is not very fruitful. There is 
a moderate degree of fatty degeneration in the cells of the liver and the tubules 
of the kidney. The spleen, pituitary, suprarenals, pancreas, thyroid, para- 
thyroid and the lymphatic glands appear normal. The testicle is immature 
and contains a small well-defined tumour-like focus, consisting of epithelial 
cells. All the fatty substances in the organs are of the common neutral fat 
character and dissolve readily in the normal fat solvents. No prelipoids are 
encountered. 

Case 2.—D. H., a boy aged 4, was brought for examination by his mother, 
on March 21, 1929, as she considered that he was becoming like his elder 
brother. He complained of severe headaches, sickness, vomiting and diarrha@a 

was definitely jaundiced during the past ten days. He was unsteady on his 
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feet and tended to fall frequently. His left pupil was larger than the right, 
but they reacted normally. No other abnormal signs were made out on 
neurological examination. His gastro-intestinal trouble cleared up within 
seven days. Level of general intelligence was normal. He remained under 
observation. Although he was unsteady on his feet and appeared to drag his 
left leg no definite weakness was made out. In December 1931 he was 
admitted to hospital. His general condition was poor. His gait was unsteady 
and he threw out his legs with wide base. There were extensive septic 
abrasions on each knee owing to frequent falls. Romberg’s sign was negative ; 
the sense of position was good. No abnormality of sensation was detected. 
Speech was somewhat slurred. The pupils were unequal, but reacted normally ; 
the fundi were normal. Hearing was not impaired. The deep reflexes of arms 
and legs were active, the abdominal reflexes were active, and both plantars 
were flexor in type. The Wassermann reaction was negative in the blood and 
cerebrospinal fluid. The latter contained cells 3 per c.mm., protein 15 mg. 
per cent.; the Lange reaction was negative. Throughout 1932 he complained 
of periodic attacks of severe headache accompanied by sickness and vomiting. 

The following year his symptoms became rapidly more severe. In May 
1933 his hearing was less acute and he had difficulty in seeing. By September 
considerable deterioration had developed ; he was quite deaf and totally blind, 
the pupils were large, equal and inactive, and his optic dises showed atrophy. 
His speech was slurred, his talk was at times an unintelligible jargon. At 
other times one could make out quite easily what he said. The cerebrospinal 
Huid was re-examined ; the Wassermann reaction was negative, the cells were 
) per c.mm., and protein 80 mg. The Lange test gave 1243210000. Three 
months later he was confined to bed, the condition was progressing rapidly. 
He sat in a characteristic pose, head held at an angle, occiput to the left 
ind chin pointed tothe right. The degree of pallor of optic dises had increased. 
His legs were spastic and the deep reflexes of the limbs were exaggerated. The 
ibdominal reflexes were absent and both plantar reflexes were extensor in type. 
He was frequently noisy, resisted attention, feeding was difficult and he had 
lifficulty in swallowing. He was frequently incontinent of urine. On January 
5, 1934, he developed a twitching of the right side of his mouth and face which 
extended to eyelids and then to left arm and leg. He had continued seizures 
or a period of six hours, did not regain consciousness, and died the following 
tay 

Post-mortem findings.—No gross changes were visible in the visceral organs, 
except a few patches of fatty change in the liver and encapsulated old tuber- 
culous foci in the right lung. The brain weighed 1,410 grms. No macroscopic 
changes are on record. It was hardened before section. 

Pathological examination.—After hardening in formalin coronal sections 
were made throughout the brain. The involvement of the white matter is 
strikingly similar to that of the first case in that the frontal lobe is preserved 
as a whole, while extending backwards the changes increase rapidly until they 
involve all the white matter. As in the first case, the process is nearly 
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symmetrical. The consistency is much softer and is of a gelatinous character. 
The areuate fibres are usually well preserved. The corpus callosum is less 
iffected than the rest of the white matter. Immediately in front of the anterior 
part of the process is an cedema which also involves the cortex. 

Myelin sections show in general the same extent of degeneration as Case 
No. 1, except that here there is also a demyelination of the fronto-pontine 
tracts and the pyramidal tracts are involved to a minor degree. The changes 
n the chiasma and the optic tracts will be considered later. 

As to histological detail we only mention that there is a demyelination with 
corresponding destruction of the uxis-cylinders similar to that found in Case 1. 
In the aftected areas the infiltration of the vessels with plasma cells and 


lymphocytes penetrating into the parenchyma, is still more pronounced (fig. 2). 


No iron is found in the cells of the vessels. In the demarcation zone, near 
the arcuate fibres and the frontal lobe, the degeneration of the myelin appears 
to be more intense than in the first case and the microglial proliferation is 
greater. Corresponding to the zone of cdema there is a considerable degree of 
swelling of the oligcdendroglia, but no mucocytic material is formed Again 
the first signs of the process are plump cells. Sometimes one gains the 
mpression that the oligodendroglia participates in the formation of granular 
compound cells In the centre of the process oligodendro- and micro-glia are 
igain markedly diminished. Plump cells, so predominant a feature in the 
first case, are here only rarely seen. Between the much looser fibrous glial 
ietwork formed by ordinary astrocytes, large masses of granular compound 
cells are found (fig. 2). Scharlach-R stain reveals, not only in the marginal 
part but also in the centre, much brighter coloured lipoidal material which can 
be washed out nearly completely by all the fat solvents previously mentioned. 
Even those lipoids showing the pink colour readily dissolve. Plump cells do 
not participate in the uptake of lipoids. Some of the prelipoid substances 
ire stainable by iron hematoxylin and ammoniacal silver. The frontal lobe 
is histologically normal. The cortex shows only a slight diffuse thickening of 
the covering glial layer: in the deepest layers adjacent to the process, changes 
occur in the ganglion cells and proliferation of the glia is to be noted. 
Histological examination of the visceral organs does not reveal any changes 


worthy of note. 


Case 3.-—E. H. (Mrs.), aged 37, attended hospital April 14, 1934, complain- 
ing of general weakness, loss of interest and ataxia. She dated the onset of 
her symptoms to four months previously, though she had been working, as a 
cleaner, until two weeks ago. Her previous health had been good, without 
history of serious illnesses. She has been married sixteen years; was un- 
happy, as her husband was alcoholic and frequently abused her. They 
separated four years ago. There had been four children by this marriage. 
She has had a fifth since she separated from husband who denies paternity :— 

(1) Frank, died aged 10—Case 1. 

(2) Edgar, aged 13. General condition not good, frequent diarrhcea, con- 
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sidered to be unsteady on feet and to ~ fall about.” Never without septic 
.brasions on knees and legs. Neurological examination completely negative 
(3) Stanley, aged 11. General health poor, said to have gastro-intestinal 


Me 1. halt red apie: 


rouble, otherwise nil abnormal. 

(4) Dennis, died aged 9. Case 2. 

(5) Peter, aged 4, enjoys good health; is in a residential school. 

Family history: It has been possible to obtain particulars of four genera- 
ions of both the patient and her husband These are tabulated in fig. 3 
Chronic alcoholism is prominent on both sides. There is no history of 


nervous illness, nor is there any record of an illness, the course of which 


seemed obscure, or like that of any of the patients here recorded. 


Fic. 3. 


On examination she was apprehensive, emotionally unstable and convinced 
she was becoming like her two children who had died in hospital. She com- 
plained of mistiness of vision. Her visual acuity was R. #, L. §; there was no 
impairment in her visual fields. The fundi were normal. Hearing in her 
left ear was somewhat impaired. She complained of ataxia. With eyes closed 
ind feet together she swaved considerably but maintained her balance. She 
vas unable to walk along a line on the floor. Sensibility to touch and pin- 
prick was more acute on the right side of the body. Vibration sense was lost 

1 the left leg but present on the right. There was no astereognosis. The 
eep reflexes of the arms were equal and active, those of the right leg were 
ore active than those of the left. Upper abdominal reflexes were active, the 
ywer were absent. The left plantar reflex was extensor in type, the right 
save a doubtful response. The Wassermann reaction was negative in the 
blood and cerebrospinal fluid. The fluid contained cells 2 ¢.mm., and protein 
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30 mg. per cent. Lange’s reaction was negative. Gastric test meal shows 
slight diminution in acidity, well within normal limits. Blood - count: 
R.B.Cs. 4,520,000; W.B.Cs. 4,700; Hb. 10°4 grm. per cent. ; C.I. 08; blood 
cholesterol 90 mg. per cent. 

Since then her condition has progressed slowly. Giddiness troubled her 
and she has injured herself by falling. Headaches associated with vomiting 
were troublesome. She has developed incontinence of urine. There is hyper- 
wsthesia to touch over the whole of the left side of her body. Vibration sense 
on the upper limbs is intact, but is lost over both lower extremities. She fails to 
recognize figures written on the skin of her legs but does so quite easily over 
her arms. The degree of ataxia has increased and Romberg’s sign is positive. 
There is marked hyperflexion in walking. No definite paresis is present. The 
pupils are equal and react briskly to light and on accommodation. The tem- 
poral sides of both discs are somewhat pale; the visual fields are normal. 
The ocular movements are normal and there is no nystagmus. Some degree 
of deafness has developed in the left ear but cranial nerves are otherwise 
normal. The deep reflexes of upper limbs are active and appear equal ; those 
of lower limbs are exaggerated, greater on the right leg. There is a right ankle 
clonus. The abdominal reflexes are absent. Both plantar reflexes are extensor 
in type. 

The discussion can be limited with advantage to a few of the most 
important features. 

The familial character of our cases is obvious. It is interesting to 
note that the mother’s illness did not manifest itself before the onset 
of the disease in her children. <A clear diagnosis of her condition is 
not yet possible. There are symptoms suggestive of a condition like 
disseminated sclerosis rather than spastic spinal paralysis. Early sub- 
acute combined degeneration has also been considered. As to the 
diagnostic evaluation of the conditicn occurring in members of earlier 
generations, it is well to remember that pathological evidence on this 
point is, as far as we can see, not yet on record. 

It is striking to note the recent rapid increase in the number of 
familial cases since Krabbe |23)}, and particularly Scholz [34], drew 
attention to their occurrence. Since then one of Collier and 
Greenfield's |12| sporadic cases has proved to be familial, and the same 
applies, as we shall show in a later communication, to the first case of 
Stewart, Greenfield and Blandy [37]. It may well be that the familial 
group will play a much more dominant role in future classification. 

From the pathological point of view the similarity in distribution is 
very striking in the two cases examined. It shows itself not only in 
the preservation of corresponding parts of the frontal lobes, but also in 
preservation of the basal ganglia, cerebellum, and even, as we will see 
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later, in minor characteristics, such as lesions of the chiasma and optic 
tracts. This similarity of distribution may be determined by a consti- 
tutional factor. It must be mentioned, however, that the pathological 
changes found in familial cases do not always correspond so clearly, as 
exemplified by cases in the literature and our own further observations, 
not yet published. 

The intensity of inflammation and the presence of inflammatory cells 
outside the vessel sheaths seems to surpass what has been found previ- 
uusly in familial cases. It may still be called ‘‘ symptomatic,” particularly 
if one considers that the tendency of a secondary inflammatory response to 
the decomposition of myelin is greater than usual (Cheng Yii Lin) [11]. 
It exemplifies, however, the difficulties of a classification based on the 
presence or absence of inflammatory changes, which is still believed, at 
least in some quarters, to be valid. The deep-rooted tendency to base 
classification on more or less superficial single histological features, is 
losing more and more ground (Spielmeyer[36], Bielschowsky and Maas [3], 
Guttmann and Bodechtel) [4,5]. This applies not only to inflammation, 
but also to Bielschowsky’s and Henneberg’s [2] criterion, that in the 
‘inflammatory ” group the total demyelination originates from sepurate 
‘oalescing foci. We have seen this form of growth in another familial 
case which will be described in a later communication. It may even 
apply to the prelipoid substances which Scholz believes to be a feature 
f the heredo-degenerative cases only. Perhaps they have been found 
prevailingly in familial cases because they have there been specially 
searched for. The insufficiency of a histological classification is still 
more obvious if one takes into account the possibility of an extracerebral 
pathogenic mechanism. ‘Take the example of pernicious anemia. 
Here, Strauss, Heath and Castle [38] have advanced the view that the 
pathological changes in the blood and in the cerebrospinal system result 
from the lack of a factor normally present, the disappearance of which 
may be caused by an intrinsic abnormal function of the liver and the 
mucosa of the stomach, or by an extrinsic nutritional deficiency. 
\ccording to this view, whatever the difference in the origin, the final 
ittack on the central nervous system will be the same. We do not 
want to associate pernicious anemia too closely with the processes 
neluded under the heading of ‘ Schilder’s disease’’; it is not incon- 
‘eivable that in the latter an extracerebral factor may be originally at 
work. (Ferraro [15], Macnamara and Dickson | 26], e¢ ai.). 

Greenfield [19] recently had something similar in view when he 
suggested that his cases of infantile progressive sclerosis were supplied 
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with abnormal lipoids. It is in the light of such or similar conceptions 
that gastro-intestinal troubles at the onset of symptoms, in a group of 
Schilder’s disease, become important. Globus [18] considers an onset with 
gastro-intestinal troubles as characteristic of many cases of Schilder’s 
disease. Gastro-intestinal disturbances preceded not only the neuro- 
logical symptoms of the two cases described here, but they are also 
recorded in the history ot two of the other children, only one of whom 
shows as yet nervous symptoms (slight degree of ataxia). ‘lhe interval 


between the: 


astro-intestinal attack and the manifestation of neurological 
symptoms in our two cases is very long (the mother suggests that the 
children never fully recovered from the attack of jaundice). 

The consideration of a possible extracerebral pathogenic factor 

makes careful examination of the bodily organs indispensable. More- 
over, the formation of prelipoid substances in cases of Schilder’s disease 
has suggested comparison with amaurotic idiocy, which is, as shown by 
Bielschowsky and others, often associated with the changes in the 
viscera, known as Niemann-Pick disease. The appearance of prelipoid 
material in otherwise intact areas of the brain in cases of Schilder’s disease 
(Bielschowsky and Henneberg) 2 , the enlargement of liver and spleen 
n Kaltenbach’s |22. case and the metachromatic substances found by 
Witte |40| in the visceral organs, seem to point in the direction of a 
more generalized disturbance. Histological examination of the viscera 
of familial cases of Schilder’s disease has, however, been somewhat 
neglected. ‘The result in our cases was negative; changes seen do not 
ditfer from those commonly found in the terminal stages of other condi- 
tions. There are no prelipoid substances comparable to those found in 
Niemann-Pick disease, and in xanthomatosis which might be connected 
also with lesions of the white matter (Davison) [13]. Unfortenately, we 
were not able to examine histologically the gastro-intestinal tract of our 
cases. 

The presence of prelipoid substances has been used by Scholz | 33, 34], 
who discovered them first, as the basis of his theory of primary glial 
insufticiency, which has found much favour (Bielschowsky and 
Henneberg |2|, van Bogaert and Bertrand |6| and others). It is 
interesting, however, to note that our second case, with its more rapid 
course both clinically and pathologically, showed a greater activity of 
the microglia in the formation of ordinary scavenger cells than our first 
case, which resembles more closely that recorded by van Bogaert and 


ly, the breakdown of degenerated myelin to 


Scholz [7 Corresponding]: 


neutral fat is in the second case much more complete than in the first, 
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as seen, for example, from the reaction of the lipoids towards flat 
solvents. That is only a single observation, but in the light of other 
views regarding Scholz’s interpretation (Bodechtel and Guttmann|4, 5], 
Patrassi [29], Hallervorden and Spatz [20], Bouman [8]) it may become 
more significant. Cases like those described by Ferraro [14], which 
combine a mild and protracted clinical course with extreme passivity of 
the glia and the most incomplete elaboration of the destroyed myelin, 
»mphasize the difficulties of interpretation. Passivity of the glia does 
not necessarily mean insufficiency, and, according to Patrassi [29], the 
prelipoid substances can also be accounted for by a primarily abnormal 
character of the myelin products of disintegration. 

Another group of writers suggests as the cause of the process a 
primary attack on the oligodendroglia (Hortega {21}, Bailey and Schalten- 
brand [1], Collier ‘and Greenfield | 12}, Levaditi | 24, 25] and others). 
Greenfield |19| gave recently an impressive example of mucocytic 
degeneration of the oligodendroglia connected with demyelination in a 
disease termed by him “ progressive infantile sclerosis.’ But in Schilder’s 
lisease the reports so far available on the histological behaviour of the 
ligodendroglia, do not allow a general] application of this finding. In our 
ywn cases we regard the changes of the oligodendroglia as secondary. 
Swelling of the oligodendroglia is seen only in one case, in a zone where 
it can be interpreted as a result of the particularly intense process of 
destruction ‘The diminution of the oligodendroglia in the centre of 
the process can also be considered as a secondary phenomenon, the 
more so as we do not know enough about its possible participation in 
the formation of granular compound cells. 

We have not yet reported the changes found in the peripheral optic 
system. There was in both of our cases irregular demyelination of the 
chiasma, extending to the optic nerves. In coronal sections of both 
ur cases the peripheral, and more particularly the ventral, part of the 
yptic tract is better preserved than the central and the upper part 
fig. 4, wand b). This is also seen in the third familial case not yet 
published (fig. 4,¢). Occasionally the lesion is confined to the centre 
fiv. 4, ¢). Fat stain shows the process to be the same as that found 
n the cerebral white matter. At the zone of demarcation one finds a 
layer of fat-laden globoid cells, indicating that the lesion is proceeding 
from the centre towards the periphery (fig. 4,d). This is of pathogenic 
interest because Monnier and Walthard | 28] described recently similar 
centrally placed lesions of the optic tract in a case of cerebral lues, in 
which the anterior choroid artery supplying a part of the optic tract was 
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found to be obliterated. This might suggest a vascular origin of the 
changes in the optic tract in cases of Schilder’s disease. 

There is no systematic limitation of the lesion to functional units, 
although it is obvious that, according to the scheme of Brouwer and 
Zeeman [9, 10] and others, the papillo-macular bundle must have suffered 
first and to the greatest degree. qually interesting is the striking 


similarity of the lesions of the optic tract to those found by Scherer [30] in 


the well-known disease in monkeys: the lack of peripheral optic lesions 
in Schilder’s disease was one of the reasons that Schob [32] and 
Spielmeyer | 36] would not accept a close relationship between both these 
conditions. Furthermore gastro-intestinal disturbances, so outstanding a 
feature in Schob’s and Scherer’s disease in monkeys, are not foreign to 
Schilder’s disease, as exemplified by Globus’ { 18} and our own cases. The 
same applies to ‘‘ honey-combed ” lesions in the spinal cord found in the 
monkeys, which made Scherer think of a condition related to pernicious 
anzmia. Honeycombed lesions occur in Schilder’s disease (Werthain|[39j, 
Marinesco and co-workers) |27] and they might be found more frequently if 
more attention were paid to the point. There is no necessity to 
interpret the case described by the Roumanian authors as a com- 
bination of Schilder’s disease and ophthalmo-neuromyelitis. 
Histopathological similarities do not necessarily indicate a close 
etiological relationship, as pointed out by Spielmeyer [35]. Moreover, 
since Schilder’s disease is not likely to be a disease entity, findings seen 
in one of its groups need not apply to another. The fact, however, that 
an apparently epidemic and transmissible (Gaertner) | 16,17] disease and 
cases of Schilder’s disease of heredofamilial nature have so much in 


common, presents an interesting pathogenic problem requiring further 


attention. 
SUMMARY. 


The clinical and pathological records of two brothers suffering from 
Schilder’s disease are presented. ‘Their mother is affected by a pro- 
sressive spinal condition the nature of which is still uncertain. 

Gastro-intestinal troubles preceded by a long interval the nervous 
affection of the two brothers. These symptoms are also presented by 
a third brother who has slight ataxia. 

There were no histological changes in the visceral organs to account 
for the affection of the central nervous system. 

The pathogenic and etiological views on Schilder’s disease are dis- 


cussed in the light of the cases investigated. Consideration is given to 
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the theory of primary glial affection with special regard to the difticulties 
of interpretation of the histological data. 

The peculiar distribution of the process in the optic tract is described. 
[It was similar to that described by Scherer in a spontaneous disease 
in monkeys. ‘The nosological significance of these symptoms and of 
‘“honeycombed ”’ patches, which are found also in Schilder’s disease, 








s discussed as to its broader aspects. 
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THE PHYSIOLOGICAL PATHOGENESIS OF EPILEPSY.!' 


BY WILLIAM G. LENNOX, M.D. 


WHEN Hippocrates made the bold prediction that whoever learned 
to make the epileptic humid or dry, hot or cold, could cure his disease, 
he had a conception, the essential rightness of which the medical world 
sonly now appreciating. We now know that certain alterations of the 
physiology of the body, though they do not cure epilepsy, may modify 
the frequency or force of epileptic seizures. Induction of alkalosis by 
means of hyperpnoea, or by the ingestion of large amounts of alkali, 
tends to precipitate seizures. Acidosis (induced by starvation, by 
ngestion of a ketogenic diet or of acids or acid-forming salts, by 
breathing of air rich in carbon dioxide, or by increasing the concentra- 
tion of the lactic acid of the blood through muscular work) tends to 
decrease seizures in certain individuals having very frequent attacks. 


\gain, the retention of fluids by the body, secured by the injection of 


pitressin with simultaneous ingestion of large amounts of water, may 
precipitate convulsions, whereas a severe limitation of the fluid intake 
nhibits them. These matters have received consideration in previous 
publications and will not be dealt with now. I shall attempt only to 
review recent studies from our own laboratories which deal with the 
role in epilepsy of the cerebral circulation and of oxygen metabolism. 
The question must first be answered, “‘ Is there evidence of a specific 
the cerebral circulation or in the oxygen metabolism of 
epileptics?’’ Spasm of the arterioles of the brain with resulting 
generalized cerebral anemia has been a favourite theory in explanation 


defect in 


{ the sudden onset of seizures. The theory is excellent; the experi- 
mental proof a failure. Dr. and Mrs. Gibbs and I [1] have recorded 
the flow of blood through the brains of patients by means of a thermo- 
electric flow recorder inserted into an internal jugular vein. Records 
were secured of ten patients having either spontaneous or induced fits. 
[here was no decrease in the blood flow immediately before a spon- 
taneous seizure. We believe that the theory of a generalized cerebral 
Read before the International Neurological Congress in London on July 28, 1935. This 
No. XX in a series entitled ‘‘ Studies in Epilepsy,’’ aided by a grant from the Harvard 
Epilepsy Commission. 


BRAIN—VOL, LIX 





114 ARTICLES AND CLINICAL CASES 





ORIGINAL 








angzmia as a cause of spontaneous seizures should be placed reverently 
in the museum of outmoded medical theories. The possibility of a 
spasm of a single vessel with a resulting localized area of anemia 
remains. ‘Two bits of evidence are against: following the constriction 
of single cortical vessels frequently observed by neurosurgeons, muscle 
spasm or paralysis does not ordinarily ensue; and the induction of 
generalized cerebral anemia (with consequent local anemia) is not a 
certain method of precipitating a seizure in the ordinary epileptic 
However, this question of localized vascular spasm requires more study. 

A continuous and sufficient supply of oxygen is essential for the 
proper functioning of nervous tissues. Denial of oxygen to the brain 
for a few seconds results in unconsciousness and tonic muscle spasm. 
We determined, therefore, to submit the relationship of oxygen and 
seizures to careful study 

Is the total volume of oxygen consumed by patients normal ? 
Between seizures the oxygen consumption is normal or only slightly 
reduced. Of more significance is the fact that immediately before and 
during non-convulsive seizures there is no alteration in the total oxygen 
consumption of the body I have numerous records of petit mal 
seizures which have occurred while patients were attached to a 
metabolism machine for measuring oxygen consumption. Portions of 
the breathing records of four patients are shown in fig. 1. In none does 
the occurrence of a seizure significantly influence the smooth upward 
slope of the curve which indicates the volume of oxygen consumed. 

Is the oxygen tension of the circulating blood normal? Mrs. Gibbs 
and I have measured the oxygen content of the blood of a large group 
of patients, taking blood from an artery, and also from an internal 
jugular and from a basilic or femoral vein. The arterial blood is of 
first importance in examination, for a gross defect in the tension of 
oxygen going to the brain would be of obvious significance. We 
measured the oxygen saturation of the arterial blood of eighty-eight 
patients. In only 54 per cent. was the saturation within the range 
commonly accepted as normal; namely, between 94 and 99 per cent. 
‘I'he deficiency was, however, small Only 11 per cent. of the bloods 
were less than 90 per cent. saturated Furthermore, this defect was 
not confined to epileptics. Fifty-eight non-epileptic patients of the 
neurological ward were examined and an even smaller proportion, 
4; per cent., had a normal oxygen saturation. We found that if 
patients with a deficient saturation were made to breathe oxygen 


or even to respire deeply, the saturation became normal. The difticulty, 
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therefore, is due to an insufficient pulmonary ventilation, the conse- 
juence of poor posture, and poor physique [2]. 

The venous blood from the arm was examined in one hundred 
instances. ‘The average oxygen saturation (65 per cent.) is definitely 
lower than the normal (72 per cent.) which is the average figure 
culled from the literature. ‘These findings point to a slow flow of 
blood through the extremities of these patients. 

Is there also an abnormally low oxygen tension of the blood leaving 
the brain? In an effort to secure conclusive evidence on this vital 
point, we measured the oxygen content of blood from the internal 
ugular vein in 130 instances. The average oxygen saturation of 63 
per cent. was even less than the saturation of blood from the arm. 
However, we found that patients without epilepsy or cerebral disease 
had an equally low saturation. Furthermore, blood drawn from an 
nternal jugular vein during a mild seizure or during status epilepticus 
was found to have an oxygen saturation within normal limits [3]. 

The hypoxemia of arterial and of arm vein blood encountered in a 
urge proportion of epileptics is an expression of the stagnant physical 
ind mental state which so often accompanies epilepsy. The hypoxemia 
when present requires correction, but it cannot be a fundamental factor 
n the causation of seizures. 

We have failed to find evidence of a defect in the supply of blood 
x of oxygen to the brain of epileptics. The next question is whether 
the frequency of seizures will be changed if the blood or oxygen supply 
s artificially altered. Eight years ago {4, 5], I reported that petit mal 
seizures could be induced in patients having very frequent petit mal if 
they breathed air poor in oxygen, but not so poor as to produce uncon- 
sciousness in the normal person. I have now encountered thirteen of 
these patients whose petit mal attacks could always be induced by 


means of an artificially induced anoxemia. I emphasize that these 
were patients having from ten to several hundred petit mal daily. In 


patients with only occasional petit or grand mal, attacks are not easily 
nduced. We produced complete unconsciousness by having patients 
breathe nitrogen or by causing them to faint. Syncope was induced 
by giving the patient sodium nitrite and then, with the aid of a tipping 
table, standing him erect. Of twenty grand mal patients rendered 
inconscious by cerebral anzemia or anoxemia, only one experienced his 


isual convulsion. Presumably petit mal is more readily induced than 
yrand mal because of greater frequency and lower threshold, and not 
because of a different intrinsic mechanism, though further study may 


ilter this view. 
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In order to test the effect of the opposite condition, an over-abun- 
dance of oxygen, Dr. Behnke and I placed three patients having very 
frequent petit mal in a pressure chamber under from one to four 
atmospheres of absolute pressure. In the chamber the number of 
spontaneous seizures was 55 per cent. of the patient’s usual number. 
Previous ‘observations with these patients had shown that seizures in 


each could be regularly induced by a certain period of over-ventilation. 


RESPIRATION AND OxyCEN CONSUMPTION 


OF PATIENTS HAVING FREQUENT PET 
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Fic. 1.—Graphic record of the oxygen consumption of four patients, as indicated by their 
nitials. The patient was attached to a machine for measuring the basal metabolism. The 
records read from right to left The upward slope of the base line indicates the volume of 
xygen consumed. The excursions of the pen record the frequency and depth of respirations. 
The period occupied by a seizure is indicated by the letter S. There is no significant 


alteration in the oxygen consumption either before or during seizures. 


While patients were in the chamber under pressure they performed 
hyperpnoea in an atmosphere of oxygen, and by this means a tension 
of oxygen twenty times the usual atmospheric tension was obtainable. 
It was found that with progressive increase in the tension of oxygen, 
there was progressive increase in the amount of over-ventilation required 
to produce a seizure. With an oxygen tension twenty times normal, 
five times the usual amount of over-ventilation was required | 6}. 

These observations demonstrate that acute decrease in blood or 
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oxygen supply to the brain may precipitate, and acute increase in the 
oxygen supply may inhibit a patient’s seizures. 

The epileptic seizure has been compared to a reservoir impounded 
by adam |7]|. The springs which give rise to the imprisoned water 
(viz. heredity, abnormalities of the brain or of the body, disturbances 
of the sympathetic nervous system and of the emotions) are the funda- 
mental causes of the attacks. A seizure, represented by an overflow 
of the dam, can result either from an increase in the height of the 
waters, or from a decrease in the height of the dam. I believe the 
physiological changes which we have been discussing are not the waters 
within, but the bank without; they act by altering seizure threshold. 
Obviously, raising the banks may be of only slight or temporary advantage 
to the patient. 

These various approaches to the «tiology of epilepsy lead to a 
question which has been a closed door before which clinicians and 
investigators have come to a stand. What takes place in the brain 
when a seizure occurs? ‘Thanks principally to Berger, we no longer 
have to depend on the circumstantial evidence of sensation or of muscle 
contraction. As through a door unexpectedly opened, we can perceive 
what is taking place within the brain. We can discard figures of speech 
and speak plainly of the electrical activity of the brain, and can make 
graphic record of this activity. 

Dr. Frederic Gibbs, Dr. Hallowell Davis and I, working in the 
Department of Physiology of Harvard Medical School, have obtained 
records of the electrical potentials from the brains of twenty-one patients 
during hundreds of seizures. The methods and apparatus used and the 
ybservations made are presented elsewhere in detail which is impossible 
here Oo 

In the case of grand mal, for a variable period before the convulsion 
there is an increase in the electrical activity of the brain; during the 
convulsion waves are slower and of very large potential; and in the 
period of stupor following the convulsion, there is almost complete 
absence of electrical activity. 

Because impairment of consciousness is the essential feature of a 
seizure and because the muscular movements of a convulsion add com- 
plications to the record, I shall speak from now on only of petit mal. 
Petit mal are invariably accompanied by a burst of action potentials 
much larger and less frequent than the patient’s usual potentials. From 
a frequency of 10 to 20 a second they slow to 1 to 3 a second, and from 
a voltage of 10 to 50 millivolts they increase to 100 to 300 millivolts. 
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These waves definitely represent potentials set up by discharging cells 





in the brain, and not the potentials of contracting muscles in the scalp 





or in cerebral arteries. During petit mal any slight twitching move- 
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Fic. 3.—Electro-encephalogram of patient S.M. before and during hyperpneea, and the 
resulting petit mal seizure. The upper tracing is during a conscious period. The remaining 
tracings are acontinuous record. In the record labelled ‘‘ hyperpncea ” (after the patient had 
been performing voluntary over-ventilation for about two minutes) the action potentials are 
large, slow and irregular. The seizure begins at the end of this line and continues for 
twenty seconds. The patient, of course, stopped over-ventilation with the onset of the 


seizure. 





ments of the face are synchronous with the large waves. But similar 
movements made voluntarily by the patient when conscious are not 






attended by changes in the waves. 
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The final proof that we were dealing with brain activity was obtained 
by placing the needle electrode directly into brain substance. Simul- 
taneous tracings taken from the motor area of the brain and from the 
scalp exhibit differences in the shape of the waves, but a momentary 
lapse of consciousness, when it occurs, is unmistakable in both tracings. 

We have records of spontaneous pet/t mal from thirty-two patients. 
These records are alike in the large slow waves which replace the ten 
. second rhythm, but the details of the waves are individual for each 
patient. The waves during a portion of a petit mal are shown for five 
f the patients in the right hand panel of fig. 2. A complete petit mal 
induced, but of the same form as this patient’s spontaneous seizure) 
uppears in fig. 3. 

Of great interest is the appearance in the records of these patients 
it times when they are free of any objective or subjective evidence of 
seizure) of small alterations in potential which are indistinguishable 
from the onset of that patient’s seizure (fig. 2). Non-epileptic patients, 
when awake, never show these disturbances. We regard them as larval 
x subthreshold seizures. Electro-encephalograms may possibly provide 
1 means of detecting the epileptic state of an individual, even in the 
ibsence of seizures. 

We now turn to the question of the effect of changes in the physio- 
logy of the body on the electrical activity of the brain with respect to 
seizures. In both normal and epileptic persons the induction of alkalosis 
by hyperpnoea, of anoxzemia by breathing of nitrogen, or of cerebral 
anemia by induced syncope, causes the action potentials of the brain to 
become slower and larger. When an attack is induced in an epileptic 
patient by one of these methods, these large waves merge into the waves 
f the induced seizure. The waves of the induced and of the spontaneous 
attack are identical. The seizure waves are clearly distinguishable by 
their regularity and their individual form, and especially by the sharp 
spike of negative potential. Fig. 3 demonstrates the alteration of 
electrical activity associated with a short period of hyperpnoea which was 
followed by seizure, and fig. 4 shows the alteration during unconsciousness 
from syncope together with the waves of the petit mal seizure which 
was thereby induced. 

The fundamental clinical feature of an epileptic seizure is the impair- 
ment of consciousness. The states which we have been considering, acute 
ilkalosis, anoxzemia and anemia, also involve disturbances of conscious- 
ness. Also, in sleep, both normal and narcoleptic, and even in mental 


inattention, electrical potentials become larger and slower. Clinically, 
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all these are states which favour the occurrence of seizures. In the 
electro-encephalogram, it looks as though the type of electrical activity 
which accompanies these states integrates with and discharges the 
patient’s neurological seizure mechanism. 

What is the meaning, in terms of cerebral activity, of these large 
slow waves? One possible view is this. In normal activity, there are 
many clusters of neuronal cells discharging, not in unison, but in 
harmony. The usual rhythm of 10 to 20 discharges a second is a 
mosaic of the activity of many centres. In a petit mal, many waves 
vecome one. The large waves represent not a suppression or an aug- 


mentation, but rather a synchronization of various discharging cell 
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ncephalogram of patient S. G., before and during syncope and the 


F t Electr L 


mal seizure He was given four grains of sodium nitrite by mouth and after fifteen 


minutes was stood upright. he last four tracings area continuous record. During the first 


tracing he was pale and faint but conscious. Within several seconds after losing conscious- 
ness, a petit mal attack, recognized by twitching movements of the eyebrows, began and 


lasted five seconds. As soon as he was unconscious, he was placed in a horizontal position 


and with the cessation of the seizure was again conscious 


clusters. There is integration of activity as regards timing, but dis- 
integration as regards the delicate and complicated interplay of various 
discharging nuclei. The harmony of the symphony orchestra has 
become a single note. The representative constitutional government has 
become a totalitarian state 

What is the origin of this sudden synchronization in which the 
individuality of discharging nuclei is lost? It cannot be primarily any 
organic disease of the brain because structural defects are constant, 
whereas seizures are periodic. There must rather be transient altera- 
tions either in the pathways taken by nerve impulses, or in the electrical 
activity of certain clusters of cells. There is growing evidence of an 
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essentially neural mechanism capable of producing unconsciousness and 
muscle spasm without the intervention of physiological changes which 
involve the whole brain. I am thinking especially of cases of reflex 






epilepsy, of unconsciousness from an irritable carotid sinus, without 





circulatory changes, and of experimental evidence provided by F. A. and 
E. L. Gibbs [9], that certain areas of the brain have a very low threshold 
for convulsions electrically induced. We hope further study will disclose 


the point of origin and the pathway of spread of the electrical potentials 







associated with seizures. In conclusion, our hope of learning the patho- 





genesis of epilepsy, so far as it concerns physiology and so far as it has 





therapeutic approach, rests on finding the physico-chemical process 


involved in the electrical activity of the neurone. We can hardly expect 






to arrive at the solution of this problem, which is so closely linked in 





epilepsy with the mysterious problem of heredity. Yet we have our 
rewards. ‘To journey hopefully,” said Stevenson, “is a better thing 
than to arrive.” We therefore travel with hope on this long and winding 







road, the end of which is the end of epilepsy. 
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THE ANATOMICAL LOCALIZATION OF THE 
HYPOTHALAMIC CENTRE FOR THE REGULATION OF 
TEMPERATURE. ' 


H. FRAZIER, BERNARD J. ALPERS AND F. H. LEWY (PHILADELPHIA). 


INTRODUCTION. 


It has been abundantly shown that the hypothalamus is important 
for the normal regulation of body temperature. The evidence for this 


has been reviewed so frequently in recent years that it hardly bears 
repetition (Bazett, Alpers, Erb [1]). While Isenschmid and Krehl [2 


and Isenschmid and Schnitzler |3| indicated that it was necessary to 
maintain intact the hypothalamus in order to maintain normal body 
temperature, they failed to specify definitely the exact region of the 
hypothalamus necessary for this control. Furthermore, as will be seen 
subsequently, the area which they indicate differs with our findings. 
Some attempt was made to locate more specificaily the temperature 
regulating area in the hypothalamus by Bazett, Alpers and Erb, who 
found in cats that the area in the walls and floor of the third ventricle 
was most essential for this function. This was carried still further by 
the studies of Alpers |4|, who studied two cases of tumour in the 
pituitary area in which death was accompanied by severe hyperthermia 
and loss of temperature control. In these cases it was found that the 
lesions were in the floor of the third ventricle, more particularly in the 
substantia grisea. ‘The more lateral and dorsal portions of the hypo- 
thalamus were intact. 

On the basis of these observations, further experimental studies were 
undertaken in cats in order to determine whether lesions placed in the 
substantia grisea in the floor of the third ventricle would produce loss of 


temperature control. It is these experiments which we now record. 


TECHNIQUE. 
Cats were used exclusively. They were anesthetized with sodium 
amytal injected into the abdominal cavity. Thecat was then fitted into 
1 From the Laboratories of Neurosurgery and Surgical Research in the University of 
Pennsylvania. Read before the Second International Neurological Congress, London, 


August 29 to September 3, 1935. This research was aided by a grant from the Rockefeller 
Foundation. 
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a Horsley-Clarke frame and measurements made for destruction of the 
substantia grisea of the third ventricle. Under aseptic precautions two 
trephine holes were made in the skull, and through these an electrode 
was introduced and minute lesions made bilaterally in the floor of the 
third ventricle. The spherical model of the Horsley-Clarke machine 
was used. This permitted an approach to the desired part from all 
angles. The animals were then placed in a specially prepared room 
with constant temperature and humidity. Temperature readings were 
made daily. The response of the cats to elevation and depression 
of temperature was studied. The former was observed by placing some 
‘f the animals in an autoclave for five to ten minutes and studying their 
temperature and the respiratory responses. The latter was studied by 
exposing the animal to a temperature of 2-6 C., observing the tempera- 
ture, shivering, and vasomotor responses. The autoclave experiment 
was abandoned in our later animals, and the response to elevation of 
temperature studied by raising the temperature of the control room. 
In all instances the animals were sacrificed by chloroform anesthesia 
and the brains removed without delay. Serial section studies were 
made of the brain-stem, alternate sections being stained with hema- 


toxylin-eosin and Weil’s myelin sheath stain. 


EXPERIMENTAL RESULTS. 
Thirty cats were operated on. Inonly a small number of these were 
the lesions placed exactly in the desired situation. In most of the 
inimals the lesion was either too far lateral in the hypothalamus or it 
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Fic. 1.—On the left diagram the dotted areas show the regions which can be destroyed 
vithout loss of temperature control, On the right the dotted area, occupying the main 
sition of the N. anterior hypothalami, is indispensable for normal regulation of temperature. 


was unilateral. In those instances in which the lesions were properly 
placed, the loss of temperature regulation was complete. Cat 13/10 
affords an excellent example of this. In this animal the lesions were 













124 ORIGINAL ARTICLES AND CLINICAL CASES 


placed in the floor of the third ventricle. This animal had total loss of 
temperature control: it was completely thermolabile. At room temper- 
ature its rectal temperature was 24° C. (Table I). In a warm room 
with a temperature of 352° C. its temperature rose to 38° C., and fell to 
34° C. after twenty minutes exposure in a cold room at 2°5°C. The 
temperature continued to fall in the cold room, so that after five hours 
it was 15°C. There was no hyperpnoea, no true panting and no 
evidence whatever of shivering. Vasomotor responses in the foot-pads 
were totally lacking. Necropsy revealed bilateral lesions in the floor of 
the third ventricle. These proved on serial section of the hypothalamus 
to involve the substantia grisea of the third ventricle. The other 
hypothalamic nuclei, the N. paraventricularis, the N. supraopticus, the 
N. lateralis hypothalami, and the N. mammillaris were all intact. There 


were discrete lesions only in the substantia grisea. 


Bites and 
No hype rpnoa 


Cat 13/10 represents a typical example of complete temperature loss, 
and is characteristic of animals in which the temperature-regulating area 
has been effectively destroyed. In this animal serial section studies of 
the hypothalamic area revealed a complete destruction of the N. hypo- 
thalamicus anterior (Rioch) or the substantia grisea which lies in the 
floor of the third ventricle. The destroyed area extended from the 
anterior part of the optic chiasm to the infundibular region. 

In animals in which the lesion was not placed so as to cause a 
complete loss of temperature control, there were manifestations of partial 


loss. Cat 10 was a case in point. ‘This animal survived five days after 


operation. It had a markedly subnormal temperature for twenty-four 


hours after operation. ‘There was a moderate thermolability which was 
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seen more definitely in a hot than in a cold environment. In the hot- 


moist control room the temperature and respiration rose definitely. It 


dropped moderately in the cold room. There was never a complete 


Fic. 2.—Cat 13/10 showing bilateral lesions in the hypothalamus with involvement of 
the substantia grisea. There was complete temperature loss in this animal. 


loss of control because both hyperpnoeic and shivering responses could 
be elicited at some times, but not at others. There was, therefore, in 
this cat a disturbance in heat control on both the heat-loss and heat- 
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producing sides, but only of a relative nature. In contrast to Cat 13 10, 


n Cat 10 revealed a unilateral lesion in the anterior part 


the necropsy 
of the hypothalamus destroying the median portion of the thalamus, the 


N. reuniens and the N. anterior hypothalamici. The lesion extended 


laterally in its lower portions and did not involve the grey matter in the 


ion OF the 
in temperature control 


hypothalamus (Cat 10) with only minor disturbances 


floor of the third ventricle. This is an instance, therefore, of a minor 


disturbance in temperature produced by a unilateral lesion which 


involved the lateral portions of the hypothalamus, and spared in part 


the vital area which is important for temperature control, the substantia 


orisea 
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C 16 Detinite shivering after 


6 minutes 


25°5 
(after 6 min.) 
95°5° C 


fter 12 min 


No hyperpnoea or poly- 
pncea. 


No shivering r sponses. 


o 


Re CO. 160 


lemperature responses in a cat (Cat 10) in which there was a unilateral lesion destroying 
only part of the substautia grisea and extending laterally into the hypothalamus. 
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That there may be relative hypothermia with disturbance of shiver- 


ing and panting responses in unilateral laterally-placed lesions is 





f the nucleus lateralis with only minor disturbances in temperature 


Fi 4.— Involvement 
control. 


Illustrated by Cat 87, in which the lesion was in the lateral portion of the 
hypothalamus, not far from the vital area. This animal showed some 
tendency to hypothermia, with no shivering or panting responses. 
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ving the N. hypothalamicus lateralis, with persistent 


\ unilateral lesion (Cat 87) invol 
Disturbance of temperature regulation was only 


pothermia and no shivering or panting 
lative and not complete 


Necropsy revealed a large area of necrosis involving the N. hypo- 
thalamicus lateralis (Rioch) or what corresponds in man to the 


N. tubero-mammilaris. The mesial portion of the hypothalamus was 


not affected. 
It is possible, however, that the disturbance of temperature regula- 
tion recorded in Cat 87 may have been transitory, as it lived only four 
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days. Another animal (Cat 84) which had bilateral lesions in the 
N. hypothalamicus lateralis lived for nine days and revealed very little 
disturbance in temperature regulation. In any event, one thing seems 
certain from these experiments, and that is the fact that the lateral 
portion of the hypothalamic area is not essential for temperature 


regulation. 
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Marked panting 


Marked shiverit 





\ cat (Cat 84) with bilateral lesions in the lateral parts of the hypothalamus, with tran- 
ory temperature disturbances of a minor degree, which later became adjusted. 








COMMENT. 


Our experiments demonstrate clearly that the vital area in the 
hypothalamus for the regulation of temperature in cats is the N. hypo- 
thalamicus anterior, which corresponds in man to the substantia grisea 
in the floor of the third ventricle. Bilaterally placed lesions which 
destroy this tissue produce severe sustained hypothermia with a loss of 
function of both the heat-loss and heat-maintenance mechanisms. In 
no instance were we able to produce hyperthermia by lesions placed in 
the hypothalamus. Unilateral lesions placed in the vital area are 
followed by severe transitory disturbance in temperature control, but the 
results are not permanent. 

For the complete loss of temperature control it is necessary to have 
bilateral destruction of the area concerned: the N. hypothalamicus 
anterior in cats, and the substantia grisea in man. 

Laterally placed lesions in the hypothalamus, even if bilateral, are 
followed by only a transitory loss of temperature control, which in one 
of our animals was completely restored by the ninth day after operation. 

Attention has been called in previous publications (Bazett, Alpers 
and Erb; Alpers) to the importance of the mesially located tissue in the 
floor of the third ventricle. While Isenschmid and Krehl indicated in 
general the importance of this area, their researches did not disclose the 
exact region necessary for temperature control in the hypothalamus. 
They asserted that in the rabbit the most important area is the tuber 
cinereum, stating also that the region close to the third ventricle is of 
no greater importance for the regulation of temperature than those more 
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distant. Our findings are in disagreement with this. There appears to 
be no question that the mesial portions of the hypothalamus in the floor 
of the third ventrical are most vital for temperature control. The 


lateral portions are not in themselves essential. 


CONCLUSIONS 

1) Mesially placed bilateral lesions in the floor of the third ventricle 
by means of the Horsley-Clarke apparatus produce complete loss of 
temperature control. 

(2) Laterally placed lesions, whether bilateral or unilateral, cause 
ynly transitory and fleeting disturbances of temperature regulation. 

3) The vital area for temperature regulation in the hypothalamus 
s in the floor of the third ventricle, corresponding to the N. hypothala- 


micus anterior in cats and the substantia erisea in man. 
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ight expect to be drawn. The investigations of which the present study is 
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